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LANGMUiR PROBE THEORY AND THE PROBLEM 

OF ANISOTROPIC COLU-CTION 
by A. Kyra] a* P 

1, Introduction 

Thu objective of this fitudy Ik to contribute to a more 

general understanding of Langmuir probe theory l)y going beyond 

the arguments tied to particular coordinate systems in sofar as 

In particular it is desired 

to clearly delineate the role of initial velocities in the prob- 
lem and to characterize the interaction betv:een the velocity 
flow field and the electrostatic potential field both of which 
enter into the determination of particle trajectories. 

Tlie probe. wi]l be supposed to be negatively charged througlv 
out and the ensuing region of positive space charge about it 
differs fundamentally from t.he plasma rt^gion beyond in the sense 
that the former represents a region in v;hich deterministic 
trajectories dominate v;hile the latter is a region dominated by 
statistical interactions largely controlled by the collisionless 
Stationary Boltzmann (Vlasov) eepuation. 

In the present study a general solution of this Boltzmann 
equation V7ill bo given and its relationship to the problem of 
saturation current density in 3D v/ill be elucidated. 

This work has been particularly associated v.'itb the vacuum 
chamber experiments conducted by B. McIntyre at the JSC environ- 
mental testing laboratory. Since those experiments have concen- 
trated on a probe geometry involving a probe in tlie form of a 

*PhysicB Dept . /Arixona State Uuiv. /Tempo 83231 /AZ 

+This work has been supnor'ted by a NASA-ASEE fellovjship at 
Johnson Space Center/Houston/TX 77058 
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long strip of constant width dctnilod specific calculations have 
been required for this case. To this end solutions suitable for 
this geometry have been studied and a report of these approar.hes 
is included in the present v?ork. 

Finally the physical picture of the problem of current 
collection and current "focussing" (anisotropic collection) is 
discussed . 

Langmuir Probe Theory 

l!ost treatments of this subject have emphasize<l differential 
equation approaches. Streamlined versions of these arguments 
will be initially given but it will be found that integral 
versions using tlie. integral form of the mean value theorem offer 
more- physi cal insight while cutting through the mathematical 
verbiage usually encountered. Thus the physical results may be 
expressed as averaging theorems which reduce to the classical 
results if the initial velocities are zero. 

It should be clearly recognized that by including an initial 
velocity (see eq. (6)) in the problem we have opened the poss- 
ibility of two extreme situations in which the value of the vel- 
ocity magnitude at any point in tlie space charge region may be 
dominated by the electrostatic potential field o£ by the initial 
velocity depending upon the size of the latter. 

Plane Probe 

For a plane probe (which is a wall) which is negative with 
respect to an adjoining quasineuLral plasma electrons will be 
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removed from a layer no:ct to the probe because of their preater 
mobility than t)ie positive ions; This leads to the development 
of a dark space containing positive ions and this space of thick- 


ness of tlie order of the Debye shielding length 




Oj p 


( 1 ) 


(VQ = therma.l velocitN', ~ plasma angular frequency) is a region 
over which the approximate charge neutrality of the plasma does not 
obtain. It is liere supposed that this region is sharjily delineated 
by a V7(ill-def ined surface separating the region of charge, neutrality 
from tliat of positive charge. T!iis is an idealization. The above 
argument: is based on the assumption that tliere is no net flow vel- 
ocity of tlie plasma with respect to the probe, The effects of such 
a net flow velocity v.'ill he sliortly considered. 

To determine the voltage as a function of position in the region 
of positive space charge one proceeds from tlie Poisson equation 
in l~di mensional form 




ti 




( 2 ) 


where (p is the potential is the space charge density and is 

the permittivity assumed constant. The current density J is 
given by 

J -pV (3, 

vdiere v is the magnitude of tlic velocity of positive ions directed 
from the plasma toward the probe and J has the same direction. The 
energy of an ion is 

E = etl) - ISip e 

2. ' i. ‘ ' 


( 4 ) 
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v/here the subscript p refers to tlic value at the surface sep- 
arating the quasineutra] plasma from t)ie region of positive 
cliarge density. 

Substitution for^^ in Llio Poisson equation then yields 






j 
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t .fj-j t p I 


vdicre ,J is understood to be positive in the direction tovjard 
the probe. By the substitution 


£ir^(cb ^ V 

t I . \ ■ i 


( 6 ) 


the Poisson equation then becomes 


» ^ I 


For constant J one may v.’rite k=/teJ/m and integrate this 

subject to the condition tiuit t!ie field be continuous at 

X =d the plasma/space-chargo interface so that it' 0 

P . { p 


( 7 ) 


- - fi 


|»/J 

2^ 


tmmaf i^l 


( 8 ) 


This may be v;ritten in the forum (taking the negative square 
root because ft ’ ^ 




I 






/y 


I 9 ‘^ 2 

f (C.<\ ft* 


( 9 ) 


wliich may be. immediately intergrated to yield ( since tjl V-J 0 
x=d) 




( 10 ) 



ORIGINAL PAGE IS 
OF POOR QUALITY. 


which at x=0 oh the probe Rives 


d.jt_ 

/v 

which ior V =0 is rticoenized as tlie 3/A Law of LnnRmuIr 
P 

theory. This may also be expressed by squaring as 

3/?. / . a. 


«? 

4tm^ ti^ 

oes* 




a- 


(12) 


Spherical Probe 

Tlie Poisson equation is 

-f 

Y^‘1. 


«u a.^O' ^ - CrJ — •//4W (13) 

' r ^ / I 


or 


CrU;> t* ' r /■*''" 


Ai n.|;' 


Here *J constant so 


(rij/) 


*’ e X . „ 

‘"=> / /\J t ''f' 


(lA) 


(15) 


Ueplacing^jT^ by its average 


0 


one has approximately 

(r 


fi.^rr . 

'’**•’***’ 




(16) 


v;hich is similar to the plane probe case. This approximate 


relation can be made exact by using the integral form of the 

^ / r® C 

value theorem to replace*^ )j* ^^'jby /J j with <"#» 

/ J 1 J 1 

I'rnwnprM'v^ 

j > a > /' , 

* ^ J -1 " •7^====? 


mean 
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an appropriate constant. 


lienee, 


^ Qf ) — Olj 


with 




0** 

.^Jutu 

'vrnvi^'K 


•Y'«‘ 

f-.r« ( 

_ ^ v> 

««.<U •' ‘ ''•"* 

'/can '-</,{ V" ^ 


At r=r this becoDcs 

%/ 


,fa f n t.L ) 

n V Q i O / 




c! iv 2 ” 


or squarrna 


r := % 


I'O 


T w 

8 UA^jJ 


I 'J 

- t *i«« 


<'■^ / , 
<• « 17 

• -/ 


t o 

CC timet*-*. >?* 

r^:> 


which exhibit the fact th.at the effective are.n of the probe is 

c* 

increased by the factor (1/ fo. )• 

5. Cylindrical Probe 


The Poisson equation is 


1 A 


A- d ( b 4' a 3' / 1 7 , 7 ': 

r 'VA / '■ '• 


or with 2'yr't:hJ=l=constant 


(r 9 ' 


PY 

e .1 

•jc'm !i 


/J 
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Then 


(r !.j> ') (r (-j' 


TCW 


h M 


The integral mean value theorem then implies tliat there exists 
a constant f a such that (which v;ou.ld yield an approximation 

wlien replacing r on the right side) may be replaced by r / ^, 

^ So* 

'"^ith ^ a f *N 


1 & s .S! r^/Cn/tcO 


to yield the relation 

cjf 

with 

^ o p T V” 

/j (V»^ \ ,« f.ut/ C / 


/'J f-l> 


P ^ (V»^ '<,♦ C 

' t -vr- r..,-, Pi. 


so tliat 


cl. IV <m h 

U <n 


Laowa* """® 

1 


c 




S ‘'-4 i ^ c -7 0 ^ 

a) 1 4 

- ' Y"' 

‘ o 

rs J tn 

fu 

‘^1 }d ^ ^ ^ 

n/C'^a-'rd) 


c b ^ — A 

’^■ir i"' ^ 


'KC 9 I 


7 T n k $„ 

, / - O* 

t' *H 'tw/n>ir«A ^hvMO**" ■— 

e f ‘i 3 - 

O-o, 

J 3 


ill 

Ta 
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6. Probe of Arbitrary 5>bape 

Starting from the. Poisson equation for ions)' 

Acf> 



(WW 


multiplication by the velocity v of the ions yields 

r*/'® , f 

:p 

where J is the electrical current density. Since JljV 


V A ^-P 


CtCT^ / 

T/e 


(31) 


(32) 


11^ 


this implies 


substituting 


V ^ — *3 


(33) 


2 - 


. where v is velocity at sheath boundary and Cv is elcctro- 

P ip 

static potential . there one has 


(3^) 


« 2: .^L a ct' 

<'m i 


so that 


V A ^ J- /J tp A 


(35) 


(36) 


Integrating over a volume .bounded by the sheatli boundary, 

the probe surface and the surface along which Yl ** ^ O 

r 






.. ^ I v,"V’ 


/if V 


one has 

A-vi 6 v/ 

Using the integral form of the mean value theorem there exists 


«»»♦ 


(37) 


a constant C.^ such that 

^^4 


A 


< J>x ^ 

(5 ^ 

u -i 


'ma 


l\Mjdv (38) 


From the Gauss divergence theorem this may be written 


2. G Js V” r" ^ TAfiT’’" fC A (b c" ^ 


H 


(39) 


T 


i *V^ « V ol y V ^ V 3 1 O d I "1*^ ^ 



9 




Oflf 7 aRv) <*c^T(‘ 

* . . o 

• For a thin positive charge layer \jj th v^=0 so that t 


ancl'^1^ if there If: not too much space charge ,/ ffs 

rnr.tv; r c 

Hence 


m <3 


ci VS 


r*«CUM««Ta^ * 

ir;4AJ I ^ 


^ «t»0 ' • ~j' /J 

T "^. e -''‘' 

which then corresponds to the 3/4 law 


Ci V 

'Vi'l 0 r 

^Ko t-p /J W A / <Cw 

o O J* V' ‘ ^ ' . 


I ^ hv/ 6 


<4 w e S.A ‘ il> 

so that the general case includes the usual rcsuJt by special- 


isation. 


For V “ tb - 0 there is an alternative derivation for 
P i p . *:. /., 

‘ ,|j I 'V ’• 

tlie 3/4 law by averaging with resjiect toU/and . Thus 

J £S J^P A tb (M) 

'WkS A- 1 Y ' ' 

multiplying bycW^this can be v?rittcn / , 

% '0» 4-. ^ (-^3) 

In terms of the averages (in the region between the probe and 
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one lins 


< <T > , 


'» B c.^ 

or in terms of charge density 

% t 

‘■'V 


tk-. 

' 


i C) 




m) 


U 


ip 


9^ 

4 A< 

«=X 




^ O ^ ip 

so that 

< J.' 

C . 


**'** «>.-■■• •■o (' rt 1 t-J 

I I’. ■ 4 r*v*.’ 4 « m kA 

vU J «•- 

j <2* 




e' / C*’*’* 


Q (^<9) 


(50) 


V., 


(.Ji 


O r 

<J.M y, 

• V# 


■fs'h /'=* 


(51) 


where (!^,Js an apin-oprlato constant.' 

<J b 

7, Cllargc-] ree Field of Infinite Strip 


The field of an infinite .strip maintained at con.stant 
potential “w wost readily determined in ellyn:ic 

Tliese are defined 'by 




^ C (Sv^r’k c.c--^ ip 


(52) 


in whicli elimination oflpyields the. elliptic cylinders for 




«•« 


I 


const:nnt: 


i.u«* 


( 


( 

\C / \^C C J 


.1 


X -N . 

;i«r«i9.«'mn^r»OT«c#9|rfr I j , •' w* ■ fvju) 

:5 ‘ (53) 

while elimination of elds the hyperbolic cylinders for 
ip tS constant 

‘ / X %“2- / U, 

V^C. ('* y ^ ip J 

Corre.sponding to £y=0, x^*c'k’s 1-1/ Q 
Corresponding to <|*y-0, x^-cj-is \p H 
Corresponding to£x-0, y^» 0 Jms '^^2 


1 


(5A) 




(cb > o) 


i* eoorc'unft‘l-..V c5 ViO 

Cc»^*w=t' y. c>e ci 0,5 cch tt' 

d i wa-d b-M C6) 
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Corrcspondinp, to^^x-O, y^ojis. ilS 

Corresponding to O 


The arc length ds in this roordinote system is 

(ds /\'^ (* ci^fl n'” ip 

^ ^ (55) 

with 


The grndient is given hv 


A S7d> as (Z cl_eh >hU . <Sif; 0 (S' 

{ «ll I (.-v <■ » 

d iAnnrg tince is given liy 

cA.e<7*§) « a,.(AE,p-!«a^^CAE^) (s 

The Lap] ac in n is given by 

A^Acb t= “h a.,!-dj <« 


c^ j , : 

^ * r -s 0.3 ‘ i* 4 


<®: I 

• 

r 

j 


Tlic magnitude of tlie curl is given by 

/^jv« fij « a, (AEiv}~ 

The unit vectorsil nndt{ are in the directions of ineriasino 
f ‘‘i S' ' 

'V^ and(j^ respectively . 

Dirt, C 'S^Ovv.-k An . C;/>%-kvA*') j 

Co-Sip) 

Ihe eccentrieity of any pai'tlcular ellipse given by a special 
value of'i^^^ia 

£ (61) 

wliile the oblatene.ss is Lanh7|^ The semi-major axis a and 
the semi-minor axis b arc c.1 early read from (53) 
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a = c cosh 

h = c siiib ' (62) 

In these coordinates the solution of Laploco's equation 
reducing to Jiero onl|;r(J_^and to - becomes trival. 

Since there is no l/idependcnce Laplace’s equation is 


^ O 

‘I 5 


V7ith solution 


c|> ’i*, A%^V) -f* 13 


whence the boundary conditions yield 


Cp to 

I i O 


Ml. 

bn? 


1 


=^2 c c( 


(63) 


(64) 


(65) 


According to (62) 2a =^2 e cosh)|so that the sum of the 
distances to the strip edges in rectangular coordinates Is 
given by 

a! C K “» C ) ^ 0- % C CiG 'Ji h tj 

with the square roots non-negative. Thus the value of?ps 
given by 

et? r* t { .Ltr'* *^\ /<n ^ ^ 

(67) 


( 66 ) 


ijy 

is o/t.co',> k £ C I?, -f- V"2_ ) / 2. e J 


with 


u>M3We'S* 

-JO+c) 

W'- 


2 a. 2 * 

+ y 


^ 2 
c) + y 


( 68 ) 


so that 


* 'n<i 


1 


(69) 
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wherc^lOf be replaced by any of 


I c / ^ 


( 70 ) 


Alternatively the potential may be obtained by mapping the 
semistrip * 1 " X'VA V'J O If'/) tc* jH ^ onto the upper lialf 

V «^S v) Q 

z-plahe bj' a Schv/artz - Christoff el transformation. Mapping 


+ /r'y*/ „ . "f , 

w = -<l/2 into z ~ c one has 


li;./ 


V 


u 


utp- 

I ^ 


a 'a 


A 


/ \ ^ I A''V 

\ •“ !) C C (7^ ) 

v;hich integrates to. 


'2m 




(72) 


Since z~0 is the image of 


Since W"VT/2 has z~c as image 

IT /2 = Aarcsin 1 
implies A = 1, Hence 
Z = csin W 

which corresponds to 

J* X = c c.osh V sin u 




y = c sinh v cos u 
for vj = u + iv and z = x + iy. 
strip problem is tlien 



(73) 


(7A) 

The potential for the given 


cb 

£ 


Of*> 



( V / a^tc«c>-Ci 



(75) 



ORIGINAL PAGE IS 
OF POOR QUALITY 




with 


c cosh V - (r<j + r^) /,2 


( 76 ) 


so that 


J- <' 

m fD 




(jjn 


orvecK? k [(Ci n,.)/a c] 

Q.rLa:>Z,h 


(77) 


as in (65) and with a corresponding to ') 


p- 


Field of Infinite Strip vn'th Space Charge 

Tlie simplest way of d ncor porating space charge into t die 

♦ 

el). Iptic .cylinder symmetry v.’ould be obtained wi th a space 
charge distribuLdon of the form 

(78) 




(T» 

'*«vf 




So that (58) vjould become 
?- 


ib , 


*'■ "-J 


(79) 


as in (7). This would then yield a 3/^t law in terms of rt, 

. TV ^ 

I /,. ~ A' ; « 


% i (■} 
«!>* 


(80) 


liven without tlie. assumption (78) one Can GXpect tliat 
the charge density could be approximated 

by some appropriated dependence between O'] andd.'.! 0 . One 

t C^* ^ 

could join two linear functions of^'p^at some cl 1 i pse'J^ • betv.’oen 


V» 


» The disadvantage of sucli a double linear fit 
(each portion of v;hich satisfies Laplace’s oejuation) is that 
it v/ould imply a charge distribution crov;ded along the inter- 
mediate ellipse V7hich is hardly likely physically .Going to fit^ 
quadratic or cubic in 'tft provide a more realistic distribution 
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of cliarRc and one could even go to higher degree if a "catluxlc 
glow" were desired in addition to a "catliode dark 5:pacc". 

It is not difficult to fit a parabola (ini'!) of the form 

•a. 


) "f BfO'l j; ™ 0 (83 ) 


to the conditions 




getting 


A 


t:?rt 


0’ 


0 





9- 







( 


\jhich v7ould then have- a uniform charge density 2A in tlie dark 
space. For more detailed specifications Lagrangiau interpol- 
ation would suffice. These interpolated models hov7ever do mM 
y’ield a cViarge density invcrsc-ly proportional t C7 square root 
of potential. 

9. Collection Trajectories of Ions in Free. .Space (soe Appendix A) 

If it be supposed that ah ion be. injected into the. elect- 
rostatic charge-free field of a strip with a velocity bcl.ov.’ the 
escape velocity it will traverse a trajectory whicVi is the im.ap,e 
of an elliptical trajectory in the, object plane in which the 
strip has become a circle. Thus if the strip plane be labeled 
W one has 

V\/ ^ r. *t“ ) 

\ ‘it J (82) 

where, c is the strip semiwidth. The strip t^Im w-0, jlte 
is the imago of the unit circle 1 in the Z-plane. A 

collection trajectory then rejmesents an ellipse with a "per ihel in; 


4 ^ A ^ 
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distance not greater than unity 
V 


6':) 

£. Ij ‘ C> 


KS* 


The "escape velocity" is 


0 


(83) 


wherp Q is the total charge <''i the strip and q is the charge in 
motion while R is the image circle f o r g; '‘i’l a 

i l^- 


In tlic Z-plane the ellijitical traiectory is 

f c ‘ 


I„,^lil T-n- ^ llUl I 


(84) 


while the image trajectory in tlie w-plane is 

;e 


w 


c 

r^fM* 

z 


r r.-ri e 






■!-£e 4(l~ci) 


g,;'.„yy (115) j 


The "perilie.lion" distance is 


efj, 

*1 'I- s 


$KLTff «* Cx ' 

.i 


1 


( 86 ) 


for collection, 


X0< 33ie General Motion of Particles in Elliptic Cylinder Coordinates 
in Charge-free Space 

'' er*« 

The unit vectors 1^,^. and g.iven by (60). In terms 

* » 

of these the vectorial velocity is 


V :s A ('yj -I- (6 14 ) 


(87) 


The directions of the unit. vectors change V7ith time during 
a trajectory and this must be considered to calculate the 
acceleration 


u., 


'1 




f" 

.. _ - c r ti 
' ‘ '2. A < 


F 


*w*# 

0^ 


7.N" 
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Using these the acceleration is found to be 




CX>/\ 


1 


«*<• 

i»!om 


‘ /S' 2.A 




• * O ^ k. /a \ I If'*' I ^ ^ 


v/hichgive Ulie'J'l^and i;|#icomponenLs of the acceleration explicitly. 


o f C ^ ^ - 

1-^ t' 


For the electrostatic field of the strip a , =0 and gf. t:z 

V "( ••T.Tr' T.v,i„ 

so one has the equations of motion J 

/S ' . ‘ 2A ' . , («>) , 

■ A ‘ ^ Z/\ ‘ ‘ /A 

V7hic)i may also be obtained from the Lagrangian * 

. .t/M 

L. 


C9MV «0tWWWP««Mr4««*tr. 


£ ‘ ®V^(S -/ 


(91) 


which suggests that Rit?. Ansatzo 

J 'Yi s 'n(:b7 

HU nj^C'U) j s 

may be used in a variational Hamilton principle using (93). 


(92) 


Finally it is readily calculated that the curvature of 
a trajectory any point is given by 

Iv^'vO't tb 

“■TTT*^ ^ <^^3) 

^ A G] -v'-qp 


l< 
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11. Field of Charged Rectangular Plate at Constant Potential 


Here the Laplace equation is in. CartesicCn coordinates 

A Cj> ^..r) Cp a 

-{£? 

which by the Bernouilli separation argument and Fourier synthesi: 
has solutions of tlie form 


c|5(i 


K j a) 


I 


e '"0 

with R ■- (x,y). For z ~ 0 

OO _ (p fj 


f ll-» 

Id' 


i o 

G- 






(96) 


(r^ o) \ \ g3 flvU-0 §\y ^ 


o 

wh i 1 e the charge d cni s i t y i s 


1 

aTT ^ 










Tf *L 


*^0 


^ f 

c.i..'^ ‘f ■ (yg) 


5^ince the charge density is expected to be 

er. c. b' 


O’ 


withO^ the minimum at x = y = 0 the Ansatz 

Ci 




(99) 


^ ^ (in , -n ) k: CTab J^^xva) 


?c 


(100) 


is suggested because of the identity 


. It 

i tv ’ V 




3^(ai^3 k) 


ixl< a. 

( 101 ) 

\ > c 


IS ^ero order *©62 Sel 
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The potential reducing to on the plate then becoiiien 

iO 


~ £ib 




Q, 


-r,— - ^f^^**** /■ 1 n O N ^ 

‘^j;;::7. — (102) 


0 '^Q 

It would be desirable to generalize this solution to include 
the effect of a space charge of the type to be expected in the 
dark space about such a plate., but this has not yet been accom- 
plished .’ 


12. The General Solution of the Collision'less Stationary Boltzmann 
Equation 

This equation sometimes called the Vlasov equation i -s of 
the following form 

“ O (103) 


V-Vk p 'i“ p. 


whereVj[ is the positional gradient operator and\,*^is the 
velocity gradient operator nohile 



CJ 


C 


V 


(104) 


( with d*’^*.,* volume element and velocity space volume clement) 

14 V 

represents the. probability that a particle exists with position 
in about R and with velocity i n cl'cTr-t, about V. It is 

a V 

supposed that with pj?0 one has 



(105) 


over all position and velocity space. 
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For a particle total energy 




Vw» 

cr«4. 


^>o;=. 65 ) 




( 106 ) 


'f” 'T' V"" ’■ t 

one discernH by using the. iiiethocl of cliarac. tori sties or by i n- 
sp ction that the general solution of the collisionless stationary 
Boltzmann equation is 


O r f P ^ 

P -J J 


with f an arbitrary function v.’hich nay be a posteriori verified 


by 




k f **r% 

i U 



'g’w p> Ei . jl (t 

^g'.. :r .f '(!= ) VV. E s: -f V 


( 108 ) 


assuming v to be indepeiident of position. Adding one then lias 

fjss” Z*' ^,^-n \ ^ «■-:*> { *•-» f J ^ 

\"T p-h* P“' t< V'"'* 'j, I I e > fl* ^ 

t V f > .^1 A.-Mt / 


Ci‘C7 0,'b^ 

by conservation of energy. 

For a classical thermodynamic gas f is taken to be of the 
form j- 

£(E) = ?v8 (110) 


which is a Poisson frequency function expressing the physical 
assumption of Boltzmann that a particle is exponentially 
unlikely to be in a high energy state.' For such a gas c^= 0 
and a (Tnussian distribution in velocities, viz, the Maxw'oll- 
Boltzmann distribution, results. The temperature of the gas 
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is then proportional to the variance of this velocity distri- 
bution. 

In cases vihere the particle velocities do not foi.lov; the. 
Maxwell-Bolt zniann distribution one can expect to cliaracterixe 
the form of the function f from experimental information about 
the actual velocity distribution. 

13. The Physical Basis of Curri-nf Saturation 
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■v^c^p 


(113) 


So that foi' constant permittivity 


P 

MV 

. 




Acp 


(ll'l) 

Poisson's equation rermlts. If V is the vectorial velocity 
of a charge 

‘ss -• 6 V A Cp s::: J> V 

and it is not necessary to use the Ampere circuital law to 
calculate current density 'J. If this resuit he used in the 
plasma region where the collisionless stationary Boltzmann 
equation holds one has ^ _ 


p V « nae V ss e v 


- Cscjj -s- 




(116) 


Since (A) implies VttX C '1 ^ 1 

~ Cec?j^^2y?)/feT 

( 117 ) 

* 

(106) is a deterministic relation. If it be applied to an 
essentially stochastic situation where the expected velocity 
is zero (117) implies 

*For the expectatioihl'^/'Tsto be detectable it must be larger than 
the thermal velocity which represents noise. This holds at low O 
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e 4 AkT 


j ^ 0 ' e V (118) 

♦ 

f** 

One notes thnt<; be taken to be zero for velocities 

of randoii! clirectd.on \jith inngnitude.s less than their standm;d 

deviations prod-uciii!; a semi logar i thmic bclinviour of J vs. c|r. 

r. I 

This holds a low OJ. V.’hen 0^ increases sufficiently the general 

i t 

velocity will be Increased due to tlie continuity of flox\’ and 
the fall of .particles into the elliptical funnel potcmtial well 

A 

they are approaching. In fact as Cv) increases this funnel will 
widen at the toj). Under these conditions v cannot be set equal 

— K 

to zero, but because (106) is constant J no longer depends on 

I* 

vdiich is tlie peculiar property of saturation, bliat then deter- 
mines J ? Cleariy v as a factor outside the exponentiai . 

Thus particles approaching the elliptical funnel potential 
well would in the absence of initial velocity simply fall dovm 
the sides of the v.’cll along the electric field lines for the 
strip. In the presence of initial velocity they v.’ould swirl 
around in the. funnel as they fell. All this is true at not too 
high (saturation) voltage. Above saturation voltage the particles 
behave ns if there v/ere no' potential well. . Hence they simply 
move in tho'flov/ pattern of uncharged particles about the strip. 
There is thus a transition on saturation from a problem of 
ionic motion in an electrostatic field to o'ne 'equivalent to a 
neutral gas dynamic flow about an obstacle (strip). 

Anisotropy of Current Collection 




In Langmuir pi'obe theory one is usually Interested only in 
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total current collect ed. Natural I 3 ' sucli a variable contains 
no information about bow the. current density is distributed on 
a closed surface about the roilectoi". To address the latter 
question one must set up a distribution of current density under 
the assumption that the current crossess; tlie surface e.veiywherc 
in the same sense. Tlien for total current I crossing the sur- 


face one lias 


<1 (7 ““ \ C 


(1.19) 


If R represents the vectorial location of a point bn the surface 

Tt J ‘S' f J C 

X J 

represents the expected location of current entry on the surface. 




>• ( Z’ ""T* A»'j* H I 


(121) 


( 122 ) 


determines the standard deviation 0 ,.«about tlie mean location 
of current entry. This then is a measure of current concentration 
or "focussing" on the surface. 

15. Current Focussing for a Strip Collector 


Returning to (12) and (34) and using elliptic cylinder 
coordinates (58) One. finds from (87) current density . crossing 
a particular ellipse corresponding to a specific value of Q*} 


^ a c[) 


(123) 
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or 


'.3 / /\ 


(12M 


where (|) has been taken j ndcpondent oC nnd only the coinponenL 

of velocity has been used. To evnliiatc (12<'t) requires not 

only that<|)har. been fitted as indicated in Section 8 but a 

knowledge of as a function of T*! and . If the particular 

ellipse chosen i a however assuming tlie input velocity V is 

ftS * 

known vcctorially one can wri te 


-C?-iT)=(v,-ii„Jd-<},/A 


k&2» 


P "’‘'i? Vt') T ' ‘ * (]25) 

I 

v?herc (V ^ IL / is the component of input velocity normal to 
fS' rx 


the ellipseTs . Here the difficulty is that some (In gh-vel oci.ty) 

(1? 

fraction of the particles nay miss tlic collector invalidating 
the assumption that (J f n) is single signed. To avoid tliis it 
seems reasonable to take an- ellipse with sufficiently close 
to zero that misses will be unlikely to enter it, With a ])arabolic 



**• *7"> / 

f'"% 


(12G) 


s 


o^n 


i 






(127) 
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and in eitliar case is determined at the strip. The 

r 

(124) must he integrated down to the normal component 
of impact velocity at the strip. Then Integrating (d « n) ds 
about the strip v;L11 yield total current 1 per unit length 
of the strip. On the strip (66) reduces to ds = A di!/ so 

»'?) I-« * 

f ' o» If 

1 s £• j m i cpI dtp 


o 


(128) 


is tho. l;otal curi'cnt into the strip^On tlic strip (122) becomes 






T' 

while (120) becomes 




. “ -J .’L 


0 


IJ Y 


QjsS^'4> 


(129) 




'E.'ir 


? \ e 


ir 


0 




Thenfr may he calculated via 


c? 


f . Vv, c '* Vf r 


•z. 


(131) 


as a function of applied voltage cb . This describes the 

i Q 

"focussing" as a function of applied voltagct llovjover, con- 
sidering space charge it would he better to parallel this pro 
cedure numerically. 

1 ^- 


16. Input Vectorial Velocity 6n hntry Ellipse TA ^ 



For the purpose of getting better input information on 

the velocity of flov: into the potential (vs'ell) funnel. 

Flow into a circular funnel from n point source in the 
*If no spacG charge v/ere present one could use the initial, inform- 
ation on location of entry point and Vj-jin the w-plane of Sec. 9 
calculating inioge of impact point and impact angle to find " 




7.1 




QP pOuK 


W-plane (inl.o unit circle) at V.’=i described by the conuilex 

flo\i7 function (k is strengtli of flo\;) 


FCvj) -k J.A-. 

V 1 i £'*VJ / O J2) 

{ t J p - ^ ^ 

x^ith velocity potential (zero for = 1) CiPtCt V-t I 

^ t I 


^ cr 

cp « I<i j -jjjgtvj i 

\b 'C3- *’iZ i 

r a ^ '{ ib u V/ J 

by mapping this ont o the z-pl.ane accord ing, . to 


(I'iV 


0 'h'O 


Vvl 


‘ 


the unit ci 


| ^^■l II »»w 111 H n~i» I n Ti — 

Ac/ 

rcle |v.' I " 1 becomes the sl.i I- | ^ | •* ^'« A V.'* ' ^ ; 


(113) 


so one has flov; into the slit from tlie image of tlie sourre 
which is at z ~ is 


(C A c J 


and the complex flov; function in the x-plane is 


(1 36) 




•} (137) 




and the (complex) velocity is found from 

V*= f(x) 


(138) 


However what is desired is not a flov; into the slit fnim 
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an isotropic source but rather a flow into an elliptical funnel 
from a dipole source. To get Lbfs the mapping from circle into 
ellipse may be used. 

fra.'~k')W .4~ 

maps |w| -1 onto the ellipse with maximum abscissa at Z = a 
and maximum ordinate at Z = ib. To map the. exterior of the 
ellipse onto the exterior of the circle the appropriate inverse 
mapping is 


V</ 






f #• <•" ■) f 

T* /\J D CL 


b ) (139) 

The complex flow function from a dipole source at V? = i©^into 
a unit circle |v’| =1 sink is 

p Ci w "" } 

(w " £ O’*} C 1 V i O'* I'l'' 3 

Substitution from (139) for w then yields the required complex 
flow function in the z-plane. From this the velocity can be 
calcu.1ated at the ellipse which forms "the edge of the funnel". 


Summary 


(^0) 


A general relationship betvreen current density, voltage 
and flow velocity has been obtained for Langmuir probes of arbi- 
trary shape. Several particular cases (plane, cylindrical, 

spherical) have also been derived. The classical 3/4 lav/ is 

recovered from the general case 

if initial flow velocity is zero. 

It is argued that for sufficiently high applied voltage 

there will be a saturation effect in which current density 
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becomes independent of further voltage increases. The approach 

to saturation then involves a transition from a flow pattern 

dominated by the electrostatic field of the collector to one 

similar to flow past an uncharged object. 

The question of anisotropic collection or current focussing 

is liandled by treating the current density as a statistical 

distribution on any surface surrounding the collector. The 

standard deviation of this distribution is then a measure of 
the concentration of current about the mean entry location on 
the surface and the determination of this standard deviation as 

R function of applied voltage would solve the current focussing 

problem. 

Arguments hearing on the numerical approaclies to the pi’oblen 
are also given. It Is believed tliat the theoretical aspects 
have been considerably clarified. The autlior v;i shes to express 
his appreciation to bernard McIntyre for many useful discussions 
and much lielpful guidance in approacln’ng the problem. Also the 
assistance- of Dino Zei in numerical modeling is gratefully 
acknowledged . 
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APPENDIX A 

Eiliptic Cylinder Differencing Scheme for Trajectory Calculation 


(A-1) 


== (x,y) = c(cosh'j|^ coal^l^Kinli‘t|nniU.,|/j 


a •= ^ 

I I •' ‘ 




O 


= time increment (+ indicatef? after ) 

V, 


V. 




»? 




(A- 3) 


isi ^r) -[• ‘"C 

l / A'- 

e tp ^ Vtfi >j- 

/r 

A -|-„£ — .f SiV/iK(2"ri)An!:.“*A'i- 


(A-/i) 
(A-5) 
(A-6) 
(A- 7) 
(A-8) 
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ABSTRACT 


This was a multifaceted project involving several tasks 
related to anthropometric data collection and comparison. 

Such data occurred in various forms, and included activities 
relating to human force and motion capabilities. Information 
was obtained from astronaut candidates doing certain force and 
motion activities. These individuals were suited, both in 
one-G and in neutral buoyancy of a water facility, and also 
unsuited, in a one-G environment. 

Also involved was the review and comparison of several pieces 
of hardware used in quantification of the data collection. 

This hardware included a CYBEX II force and torque machine, 
and a three-dimension camera system(AMS) for measuring range 
of motion envel opes . 

Preliminary comparison of collecting techniques was made to 
determine significant variables in the available data. Also, 
suggestions are offered for standardization of data collection 
in an attempt to better predict useful 1 ness to various groups. 
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INTRODUCTION: 


It has long been recognized that the science of measurement 
has been important in the history of civilization. Even in 
our present-day technology, we easily forget this principle 
as it applies to the physical size of a person and his ability 
to function in our complex world. 

Early researchers into body size, like Blumenbach (1752-1340), 
reported for the first time the complete body measurements. 

At about this same time the statistician Quetelet (1796-1374) 
carried out the first large-scale body measurement study, and 
is recognized as founding the science and coining the term 
"anthropometry" . 

Later, during the early part of the 20th century, extensive 
and rapid increases in anthropometric literature occurred. 

At this time, difficulties became evident as various 
investigators used differing terms in gaining measurements 
on the human body. More and more, knowledge of methodology 
became an important part of data interpretation and evaluation. 

Today, what most people consider "normality" of body size is 
more accurately replaced with tables and charts of statistical 
values. In anthropometry today, statistical calculations are 
used to establish design criteria for specifying the range of 
each body dimension or function for which a product is to be 
designed. 

These criteria will also determine the basis for selection 
standards used in screening a potential user population. This 
setting of anthropometric criteria or limits is essential if we are 
to insure proper fit of the man-machine system. However, we must 
recognize that variables of human beings are vastly different than 
those of machinery. 



In both cases, too tight a tolerance excludes use by many, 
and may well raise the costs. On the other hand, a design that 
accommodates the full range of observed variations in the 
population, requires adjustments to the design, and will also 
raise the costs. 

PROBLEM : 

As in many engineering problems of measurement, the most direct 
approach to movement and range of motion capabilities is that 
of defining "final effects". At this level of the problem, the 
desired answer can be presented in a simple "yes" or "no" to 
a question such as: "can the individual reach and move a control?" 

Given no prior knowledge, the likely approach to such a problem 
is to build a mockup of the situation and test a sample of 
individuals to observe if they are able to perform the given task. 

This approach has its obvious limitations. After the answer is 
obtained, one still has knowledge of only a single, specific 
situation that may never be repeated. 

At the next level, a more general solution may be sought in terms 
of defining a reachable spatial volume by determining its boundry 
surfaces, or its envelope . Within this defined envelope, several 
motion activities are possible. 

Angular movement measurement is one of these, and has much in common 
with measurement of linear dimensions. Here, a variety of types of 
information regarding movement, may be obtained. These include 
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centers of rotation and angles as well as range of movement 
envelopes . 

In each of the foregoing, for angular movement, a consistent use 
of scales, reference axes, planes and vectorial representation 
of links will reduce uncertainty and encourage consistency. 

These are important in that they will lead to more accurate 
design data and the development of clear specifications for 
mobility requirements. 

In the cases involving dynamic recording and measurement of 
human movement, several measurement problems are compounded. 
According to J. A. Roebuck (1975) and others, the following 
are the minimum requirements for exact and objective methods of 
recording human movement: 

1. Constant relationship and precision to the given 
dimension chosen. 

2. Action of the subject must be unobstructed. 

3. The range and sensitivity of the equipment must be . 
sufficient to record changes in body position. 

4. The data should be easily interpreted. 

Further, as compared to anthropometric dimensions, strength data 
generally have a much greater variability between individuals. 

It also my be more easily influenced by a change in either mental 
or physical state of the subject. 

Therefore, it has been stated that many of the published studies 
on muscular strength may suffer from shortcomings involving 
failure to consider the biomechanical, physiological, and the 
psychological aspects, as well as inadequate or improper 
instrumentation. This last deficit may also include failure 



to report clearly the experimental procedures or statistical 
analyses . 

Indeed, one of the most difficult problems in the assessment 
and application of human strength data is the presentation of 
this data. For strength data to be valid, a large number of 
variables must be kept constant. Their status must be clearly 
specified in the protocol or final report. The failure to specify 
such experimental conditions has caused the results of many studies 
to be of questionable validity and use. 

CURRENT ANTHROPOHETRICS LABORATORY : 

Given the brief background on anthropometries and some of the 
recognized problems associated with the field, the present .task 
at the Johnson Space Center and the Anthropometries Laboratory (AML) 
may now be undertaken. 

The primary concern was analyzing the usefulness of the AML facility 
in determining the kinds of problems that a suited astronaut might 
encounter in E.V.A. Immediate questions which came to the fore 
were: What information is vital? How can this information be 

obtained quickly and most accurately? And, what processing is 
available for the data reduction and analysis? 

In order to answer these and other related questions, it became 
apparent that the task was multifaceted. Other researchers needed 
to be contacted. Suit facilities had to be seen. Various work 
stations needed to be visited, to understand how the real world 
of the E.V.A. could be demonstrated. 

Questions as those above needed answers. As the list of "experts" 
from contacted laboratories grew, the evidence became clear that 
a large number of researchers were currently applying themselves 
to the problem of motion and force analysis. (See Table 1.0) 
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It also became clear that several important differences were 
present as to techniques and approach to the anthropometries 
problem. Many such workers, it was discovered, have unique 
needs and therefore, have designed their techniques to that 
purpose. Sports medicine and physical education labs which 
were contacted had such a special purpose. 

In addition, certain private lab facilities for anthropometric 
collection are available, and will tailor their techniques in an 
attempt to fit the needs of their clients. 

One research unit contacted is using the method of stereo- 
photogammetry to re-configure the actual body proportions of 
an individual. These dimensions are then recorded digitally 
to later be displayed. 

Several labs across the country are using two-dimensional and 
three-dimensional approaches with 16 mm cameras to record motion 
activities. Such film is later analyzed for angular and reach 
changes, to be digitized for reference on the test subject. 

As noted earlier, the suit facility was a vital factor to further 
understanding of any motion analysis problems. At various times 
through the weeks, contacts and meetings were held with individuals 
of this facility. The attempt was to gain knowledge about the 
current suit model, with particular reference and attention to its 
fabrication and intended E.V.A. uses. 

Several days were spent observing suited activities by astronauts 
performing tasks in the WETF water tank. Here, several different 
astronauts were in training to attempt a number of activities on 
the submerged shuttle cargo bay and air-lock. Participants were 
in neutral buoyancy to simulate zero-G effects. General suit 
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flexibility and cuff-ring mobility was observed during these 
tasks and activities. 

At present, the current model of the E.V.A. suit has had only 
limited pilot runs of anthropometric data collected on it. 

One such collection was made using a two-dimensional reach onto 
a drawing board. This was a reach test done in the WETF water 
tank. 

Also, a single demonstration, suited and in one-G was run, using 
a three-dimensional approach with T.V. cameras and a microprocessor 
analyzer. 

Finally, while several unsuited force and torque measurements 
have been obtained using a CYBEX force machine, no such information 
is currently available using the present model E.V.A. space suit. 

it is evident that the ability to do work should be the primary 
tool to evaluate any E.V.A. space suit. And, while it is more 
difficult to relate elementary force and torque functions to the 
more complex mission maneuvers, data from such elementary movements 
may be applied to understand the limits of a given space suit 
and the occupant within. 

The anthropometries laboratory (AML) at NASA-JSC is dedicated to 
the task of gathering vital information on reach and force of 
astronauts in both unsuited and suited configuration. To this end, 
the AML has several prototype pieces of equipment designed for 
such data collection. These include: 

1. Automatic joint angle measurement device, 
consisting of a video camera, lights which 
attach to the subject, and a microprocessor 
for data acquisition. This system provides 
for direct angle readings from a joint, plus 
a hard copy print thru an electronic teletype- 
writer. 
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Automatic three-dimensional anthropometric 
video system, including 3 T.V. cameras, a 
lighting system attaching to the subject, 
and a microprocessor. Information gained 
from this system includes envelope of motion 
and velocity-acceleration. Data from this 
equipment is programed thru computers for use. 


3. A CYBEX II dynamometer and recorder for force 
and torque data collection. This machine allows 
analysis of the various body joint movement 
and several types of motion data, including 
strength, torque, power endurance and other 
isokinetics. 


When fully operational, the above equipment has the capability 
of collecting the many parameters of body movement and force 
data on both the unsuited and suited individual. 

Used together, the CYBEX and the three-dimensional system 
can give information on both envelope of motion AND the type 
and endurance of many tasks at various body positions. 

Clearly, one of the principle jobs in the study of dynamic 
anthropometry, is to describe quantitatively the translocations 
and rotations of the various body segments, and to relate them to 
the movement of the entire body. To be adequate, any such 
description requires not only that these body movements be 
measured in three-dimensions, but also that velocities and force 
be recorded and that the sequence of motion of various parts of 
the body be determined. 



FUTURE SUGGESTIONS: 


The Johnson Space Center's AML is currently in the early 
functional stages to begin collection of useful data on suited 
and unsuited functional reach and force activities. 

A test plan outline has been received from the suit facility, 
and discussion begun for the start of a performance mapping 
profile on shuttle SSA suit at various pressure levels. The 
general procedure will include the following: 

1. Establish baseline "nude body" range of movement 
measurements with selected subjects. Each subject 
will serve as his own control. 

a) Use document No. ILS-J-SS-011 as a guide line 
to determine 22 basic body motions required, 
and the technique for deriving these 22 motions. 

2. Conduct suited, pressurized mobility range 
measurements with three dimensional cameras, using: 

a) above defined 22 motions. 

b) shuttle space suit at following P.S.I.: 4.0, 5.0, 
and 6.0 

3. Repeat steps 2a and 2b, using shuttle space suit 
without thermal micrometeroid layer. 

4. The following cautions are to be observed in each 
of the above experimental conditions: 

a) Each position to be run three times, with average 
value of these taken as mean. 

b) Care used not to degrade motions due to candidate 
fatigue. 

c) Refer to appropriate standard text sources for 
defining each motion given. 

It is further suggested that the suited reach (envelope) information 
be formatted in the manner given below and adapted from Kennedy (1978). 



Using AML three dimension camera system, develop reach envelope 
in the prescribed manner. Then, for better data availability, 
determine the outside boundry values of this envelope. This may 
be done by slicing 15° horizontal layers and 15° vertical layers 
through the reach envelope. By using a standard reference point 
(such as SCYE or seat) reach numbers can quickly be obtained 
in 15° intervals. 

To gain further knowledge about a given model suit, additional 
reach data must be obtained in neutral buoyancy of WETF water 
tank. Alternative methods are suggested for collecting such 
data. Perhaps placement of reach boards at front, at 45° each 
side and 90° each side would give more useful reach data from 
the WETF tank approach. However, general format must be 
compatable if these data are to be comparable with the 3-D 
system. 

Additionally, force and work information is vital on each suit. 
These data must also be obtained in one-G and in simulated 0-G 
envi ronment. 

Suggestions are also made to use Life Sciences Division for 
coordinating efforts for obtaining B.T.U.'s used and thermal 
loads developed during standard force and work tasks, while 
in a given model suit under the varying conditions. 

A final reminder that data bases must be developed using as much 
standardized procedures as can be obtained for proper data 
comparison in the future. 



TABLE 1.0 


Laboratories and Individuals 
Involved in Anthropometric Studies of 
Motion and Force 


Ken Kennedy and 

Chuck Clauser 

Anthropometric Unit 
Wright Patterson A.F.B. 
(87) 775-5779 


Date collection on several types 
of flight suits. Have developed 
a reach device. Have collected 
suit reach data. Determined 
"reach mobility factor" of suits. 


Joe McDaniel 
(with Kennedy) 

Wright Patterson A.F.B. 


Has current project on body size 
and strength/endurance testing. 

Has suited data with SR 71 and 
U2 anti-G garments. Data base 
from various suited configurations . 
Data available thru simulator- 
computer programs. Also tests run 
for kinetic measurements plus 
fixed mode. 


Dr, Don Sheffer and 

Robert Herron 

University of Akron 
Institute for BioMedical 
Engineering Research 
(216) 375-3850 


Have data on stereophotogammetric 
body configurations. I.B.M. cards 
received by AML as sample of this 
program. 


Dr. Herb Reynolds and 

Dr. Howard Stoudt 

Michigan State University 
East Lansing, MI. 48824 
(87) 375-4675 
(87) 373-3200 


Reynolds is currently collecting 
3-D anthropometric data, using stereg 
X-ray technique. Cadaver use involves 
placement of metal pellets into joint 
cavities. Computer fortram program 
digitizes data. Also doing 3-D 
postural data on stewardressess . 



John McConville 

Anthropometric Research 
Studies Inc. 

503 Xenia Ave. 

Yellow Springs, OH. 45387 
(513) 767-7226 


Has done early studies on volume 
and center of gravity of various 
body components, (using cadavers) 
Presently doing moments of inertia 
on body segments (cadavers). Has 
reference to W.P.A.F.B. large data 
bank, raw data, and various display 
programs for such data. 


Lloyd Laubach 

University of Dayton 
P.E. Dept. 

(513) 229-4225 


Currently teaching only. 

Has had important past involvement 
in anthropometries studies. 


John A. Roebuck 
Space Division 

Rockwell International Corp. 
1224 Lakewood Blvd. 

Downey CA. 90241 

(87) (213) 594-3078 or 3311 


Publication and familiarity with 
one and two camera approach on 
stereophotogammetry. Has no data 
base on these techniques. Currently 
on space serve project at R.I. 


Jaime Cuzzi 

Institute for Rehabilitative 
Research 

Baylor University 
1330 Moursund 
Houston, TX 77030 


Experienced with 3-D body configurati 
data collection techniques. Helped 
design program for data collection. 


Dr. John Cooper 

Indiana University at 
Bloomington. 

(812) 337-7302 


Early work using single movie camera 
for determining moments of inertia, 
velocity, acceleration and angles. 
Currently using two camera (16mm) 
movies, with frame-by-frame analysis 
and digitization. Considerable 
experience with program writing. 
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Dr. Carol Midule 

Purdue University at 
West Lafayette, IN. 
(317) 494-3675 


Past work with Dr. John Cooper. 
Currently working with 2-D cameras 
only. Collecting kinematic information 
for digitization from film frames. 


P4!^ . ^Q IL Using both 2 and 3-D 16 mm movie 

Western Michigan University data on motion. 

Kalamazoo, MI. 

(87) 383-1338 


Dr. Barry Bates 

Biodynamics Inc. 

Box 31 57 

Eugene, OR. 97403 
(87) (503) 428-4118 


Has three labs across country; Dallas 
and Chapel Hill, N.C. Speciality in 
software; data on sports medicine and 
joint motion action with CYBEX. 


Gideon Ariel 

Coto Sports Research Cent, 
.(with Vic Braden) 

2200Plano Trabuco Canyon Rd. 
Trabuco Canyon Rd. CA 92678 


"Sports training expert". 



REFERENCES 


Kennedy, Kenneth W., (1978). Reach Capability of Men and Women : 

A Three Dimensional Analysis . Aerospace Medical Research 
Laboratory, Wright-Patterson A.F.B., Ohio. 

Lewis, James L., (1980). Computer Aided Crew Station Design for 

the NASA Space Shuttle . Paper presented to NATO Symposium 
on Anthropometry and Biomechanics. Cambridge, England. 

NASA (1978). Anthropometric Source Book; Vol . 1, Anthropometry 

For Designers. NASA Reference Publ . #1024. J.S.C. Houston. 

NASA (1978). Computer Aids For Operator Station Design. NASA 
Technical Report. J.S.C. Houston. 

Roebuck, John A., Kroemer, and Thompson, (1975). Engi neeri nq 
Anthropometry Methods . John Wiley and Son, N.Y. 





T 


23125 


ANALYSIS OF I-V CHARACTERISTICS OF NEGATIVELY 
BIASED PANELS IN A MAGNETO-PLASMA 


Donald D. Miller,, Ph.D. 

Central Missouri State University 
1981 NASA-ASEE Summer Faculty Fellow 


Supervisor: 

Andrei Konradi 
Space Environment Office 
Planetary and Earth Sciences Division 


Abstract: Current-voltage character istics. of 

negatively biased panels placed in a plasma 
environment were analysed with respect to panel size, 
electron density, and superimposed magnetic field. 
This analysis indicates that the thickness of the 
surrounding sheath and its rate of growth with bias 
potential depends on all these parameters in a non- 
linear manner. 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LYNDON B. JOHNSON SPACE CENTER 
HOUSTON, TEXAS 
AUGUST 13, 1981 



ORIGINAL PAGE IS 
OF POOR QUALITY 


ANALYSIS OF I-V CHARACTERISTICS OF NEGATIVELY 
BIASED PANELS IN A MAGNETO-PLASMA 


Donald D. Millerr Ph.D. 

Central Missouri State University 
1981 NASA-ASEE Summer Faculty Fellow 


Supervisor : 

Andrei Konradi 
Space Environment Office 
Planetary and Earth Sciences Division 


Abstract: Current-voltage characteristics of 

negatively biased panels placed in a plasma 
environment were analysed with respect to panel size, 
electron density, and superimposed magnetic field. 
This analysis indicates that the thickness of the 
surrounding sheath and its rate of growth with bias 
potential depends on all these parameters in a non- 
linear manner. 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LYNDON B. JOHNSON SPACE CENTER 
HOUSTON, TEXAS 
AUGUST 13, 1981 



Introduction and Statement o£ Problem 

In order to ascertain the magnitude of the effect of power 
loss through the medium surrounding a large voltage-biased 
conducting object in Low Earth Orbit, experiments were conducted 
by Konradi, McIntyre and Potter in Chamber A at the Johnson Space 
Center . 

This particular experiment involved measurements of current 
drain to rectangular metal panels maintained at negative bias 
potentials of up to 2400 volts. The ambient plasma was supplied 
by a Kaufman thruster using Argon gas. 

These I-V data were obtained while varying the ambient plasma 
density (thruster parameters) and the externally applied magnetic 
field between runs, using three different panels. 

It is desired to qualitatively codify the effects of 
different plasma densities and panel sizes as well as the 
relevence of magnetic fields on the I-V characteristics of these 
collectors . 

Characterization of Raw Data 

The three panels used as collectors were approximately .Im x 
Im (Panel C) , .32m x 3.1Gm (Panel B) , and Im x 10m (Panel A). 

They were suspended vertically in the center of the chamber. 

The external magnetic field was supplied by coils surrounding 
Chamber A. Data was taken with three different values of 
magnetic field; ambient and with currents, of 210 amp and 612 amp. 
This resulted in field magnitudes of .29 Gauss (small) , .73 Gauss 
(medium), and 1.59 Gauss (large). These values were deduced from 
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current-field calibration experiments by A. Konradi utilizing an 
RF discharge technique. Using these magnitudes, the results of a 
magnetometer survey by J. McCoy, and the assumption that the only 
appreciable component of field produced by the external coils is 
axial, it was determined that the magnetic field is directed an 
angles of 27° (small field) , 11° (medium field) , and 5° (large 
field) with respect to the vertical. 

Electron density determinations were made via a cylindrical 
Langmuir probe (suspended vertically near the center of the 
Chamber) for each I-V data run. 

The computed electron densities for each run, indicating the 
attendant conditions, are given in Figure 1. A general 
observation is that the resulting density, for given thruster 
parameters, varied significantly with respect to the magnetic 
field present. 

Additionally, instances occurred whereby spontaneous arcing 
or discharge limited the maximum applied bias potential. For any 
of the three possible magnetic fields this breakdown occurred at 
lower potentials for greater densities. This effect was more 
pronounced for the largest panel (A). This occurred as low as 
500V for panel A with the large field. However it always 
happened for other panels and fields when at least 2400V was 
appl ied . 

It was also observed that panel current was not linearly 
proportional to n^ and depended on bias potential and magnetic 
field. This facet complicated attempted comparisons of only one 
parameter at a time. 
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Density Scaling and Data Comparisons 

In order to make panel, magnetic field, and bias potential 

comparisons it was necessary to somehow scale the data to some 

common electron density. From Figure 1 it can be seen that the 

overlapping region is about 3.5 (10^) to 5(10^) cm“^, ergo 4.2 
5-3 

(10 ) cm was chosen as the reference value. 

I 

The first attempt involved a simple linear extrapolation to 
find a multiplicative factor to scale the panel current at each 
bias potential from the I-V run "nearest” in density. However, 
in most of the cases this resulted in values of panel current 
much smaller that was realized. This 'followed basically because 
this form of extrapolation assumes that the panel current goes to 
zero as n^ approaches zero. This is clearly not true for the 
range of densities exhibited by this data. 

The second attempt involved examining the panel current at 
bias potentials sufficiently low so that non-linearities could be 
avoided. Since the average plasma potential was about -2V, bias 
potential of this value was chosen. The panel currents at 
negative 2V bias for each run are plotted vs. n^ is Figs. 2.1, 
2.2, and 2.3 for small, medium and large fields respectively. 
Superimposed on these figures are the linear least square fits. 

At this point an attempt is also made to account for the non- 
uniformity of the density over the extent of the panels. Scaling 
according to a Gaussian Distribution over the chamber, the ratio 

I ^ . 

of average densities of the panels is; 

: k„: k- = 1 ; .94; .86. These straight line functions were then 
BA ^ 

5 -3 

evaluated at 4.2 (10 )/k. cm (i = A, B, or C) , yielding the 



4 


scaled panel currents at negative 2V bias. These intercepts are 

indicated by the arrows on Figs. 2.1, 2.2, and 2.3. The ratio of 

this current to the actual panel current (at -2V bias) of the run 

5 -3 

"nearest” 4.2 (10 ) cm yielded the scale factor g. Such a 
scale factor was obtained for each panel-field combination and 
are listed in Table 1. 


Table 1 Scale factors for each panel-field combination: 
Panels A, B, and C and small (S) , medium (M) and 
large (L) f ields . 


Panel F 

ield 


Scale Factor g 

A 

L 


1.20 

B 

L 


1.28 

C 

L 


.97 

A 

M 


1.29 

B 

M 


1.14 

C 

M 


1.09 

A 

, S 


1.00 

B 

S 


1.00 

C 

S 


1.00 

The adjusted current 

for 

a given 

panel-field run is then 

obtained by multiplying 

the 

measured 

current of the "nearest" run 

by the corresponding scale factor. 

Plots of the adjusted current 


vs. bias potential for each panel field combination are given by 
Fig. 3a (Inl vs V), Fig. 3b (I vs. V), and Fig. 3c (Inl vs. InV) . 

In order to assess the relative rate of increase of the 
curves, the ratio of the adjusted current to its value at 
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negative IV bias (Reference current) was computed for each 
combination. This ratio is plotted vs. bias potential for each 
panel on Figs. 4.1, 4.2, and 4.3 for small, medium, and large 
fields respectively. 

In order to more readily perceive the effect of magnetic 
field on a given panel, this ratio (adjusted current/reference 
current) is plotted vs. bias potential for each field on Figs. 
5.1, 5.2 and 5.3 for panel C, panel B, and Panel A respectively. 

The computations required to generate the adjusted current 
and the ratios of adjusted current to reference current was 
facilitated by a FORTRAN program FILENT, a listing of which is 
provided in the appendix. 

A general characterization being that the ratio increases 
more slowly for larger fields and larger panels, but that the 
reference current is larger for these cases, resulting in larger 
currents for larger fields and larger panels. 

Further comparisons of the I-V run characteristics are made 
by examining the ratios of adjusted currents between panels for 
the same field and those values from the same panel for different 
fields. The computations required to generate these ratios at 
each bias potential for each run was facilitated by the FORTRAN 
program IVDMAS (I-V Data Massage), a listing of which- is given in 
the Appendix. 

Plots of the ratios of adjusted currents between • panels vs. 
bias potential are given in Figs. 6.1, 6.2, and 6.3 for small, 
medium, and large fields respectively. In all cases, the ratios 
decrease with increasing bias. However this follows from the 
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fact that the current from the smaller panels increases faster 
with increasing bias. 

Plots of the ratios of the adjusted currents between 
different fields vs. bias potential are given in Figs. 7.1, 7.2, 
and 7.3 for panel C, panel B, and panel A respectively. It can 
be noted that for panel A, this ratio increases sharply as the 
breakdown or arcing condition is approached. This is consistent 
with panel A current increasing at a greater rate. 

Interpretation and Discussion 

One possible additional phenomenon which is not capable of 
direct observation in this experiment is that of secondary 
electron emission. Those electrons which escaped through the 
sheath would simulate collected ions. Subsequent experiments (as 
yet not analyzed) observing identical gold and stainless steel 
collectors should provide considerable insight into this aspect. 

The fact that the angle between the magnetic field and the 
axis of the panels varied with the magnitude of the field 
presents an additional complication which cannot be clarified 
from the data. It is to be expected that this orientation would 
be relevent in the sheath formation for these asymmetrical 
collectors. 

Uncertainty also exists in the interpretation of the orbit- 
limited "regime" of Langmuir Probe theory in a magnetosheath. 
Theoretical investigations were undertaken by Szuszczewicz and 
Takacs^ in order to account for Langmuir Probe data from a 
spinning scientific rocket payload. They observed that the 
electron density (through its control of sheath size) is 
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important in determining the effect of magnetic fields on 
electron-current collection. They chose the ratio of sheath 
thickness to the characteristic Debye length as a measure of the 
relevence of magnetic effects. They designated three 
characteristic regions: strong-magnetosheath (ratio <<l)r 

transition-magnetosheath (ratio order of 1) and weak 
magnetosheath (ratio >>1). Because the sheath expands and 
contracts as plasma densities fall and rise, the ratio of 
gyrorad ius-to-sheath thickness varies and modifies the probe 
response in a non-linear way. They conclude that weak- 
magnetosheath conditions must be guaranteed before assuming = 
(constant) * at constant bias. By monitoring the angular 
dependence of the probe response with the field, they observed a 
sharp decrease in the current at a fixed bias as the angle 
between the axis of the probe and the field decreased, causing a 
density dependent modulation. Quoting from Szuszczewicz and 
Takacs^ : 

"We note the modulation increases with decreasing n , 
a parametric dependence not shown in current theories 
involving thick sheath conditions." 

That reasonable levels of measurement integrity can still 

be maintained in weak magnetoplasmas has been indicted by 

2 3 . 

Miller and Laframboise and Rubinstein . Their works 

indicate that accuracy is improved in cylindrical probe 

measurements when the angle between the probe and the 

magnetic field is large (>= 60°) . 

The analysis of the data from these rectangular plates 

seems to imply that sheath thickness variation and its 
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effect on I-V characteristics with respect to bias 
potential and density variations are present here in a 
manner analogous to that encountererd by Szuszczewicz and 
Takacs^. The uncertainty with the relevence of the angle 
between the axis of symmetry of the collector and the 
magnetic field could be circumvented by using spheres. 
Aspects concerning the dependence of sheath growth on 
collector shape could be assessed by using other shapes 
(e.g., cylinders). Both of these aspects should be 
clarified when analysis of later experiments which did use 
multisized spheres and cylinders of different materials 
are concluded. 


The qualitative trends exhibited by the scaled I-V 
characteristics presented in this report should provide 
references or guidelines for evaluation of the validity of 
computer-aided simulations of sheath structure and growth 
being carried out by Parker^. 
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APPENDIX 


Figures; 

1. Indicated densities for each I-V run, grouped 
according to panel size (A-large, B-medium, and C-small) 
and magnetic field. 

2.1 Current at 2V bias vs. density for small field with 
linear least square fit. 

2.2 Current at 2V bias vs. density for medium field with 
linear_ least square fit. 

2.3 Current at 2V bias vs. density for large field with 
linear least square fit. 

3a. Adjusted current vs. bias potential for all panels 
and fields (In (I) vs. V). 

3b. Adjusted current vs. bias potential for all panels 
and fields (I vs. V). 

3c. Adjusted current vs. bias potential for all panels 
and fields (In (I) vs. ln(V) ). 

4.1 Ratio of adjusted current to reference current at 
small field for all panels. 

4.2 RAtio of adjucated current to reference current at 
medium field for all panels. 

4.3 Ratio of adjusted current to reference current at 
large field for all panels. 

5.1 Ratio of adjusted current to reference current for 
panel C at all fields. 

5.2 Ratio of adjusted current to reference current: for 
panel B at all fields. 

5.3 Ratio of adjusted current to reference current for 
panel A at all fields., 

6.1 Ratios of adjusted currents between panels vs. bias 
potential for small field. 

6.2 Ratios of adjusted currents between panels vs. bias 
potential for medium field. 

6.3 Ratios of adjusted currrents between panels vs. bias 
potential for large field. 
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7.1 Ratios 

of 

adjusted currents 

from 

panel 

C 

vs . 

bias 

potential 

for 

all fields. 






7.2 Ratios 

of 

adjusted currents 

from 

panel 

B 

vs. 

bias 

potential 

for 

all fields. 






7.3 Ratios 

of 

adjusted currents 

from 

panel 

A 

vs . 

bias 

potential 

for 

all fields. 
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Fig, 2,1 Current at 2V bias vs, density for small field vdth linear least square fit. 
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Fig. 2,2 Current at 2V bias vs, density for medium field v/lth linear least square fit. 
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Fig. 2.3 Current at 2V bias vs. density for large field with linear least square fit 
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Fig. 3c, Adjusted current vs. bias potential for all panels and fields. 
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Fig. 4.2 Ratio of adjusted current to reference current at medium field for all panels. 
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Fig. 4,3 Ratio of adjusted current to reference current at large field for all panels. 




Fig. 5.1 Ratio of adjusted current to reference current for panel C at all fields. 
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Fig. 5.2 Ratio of adjusted current to reference current for panel B at all fields 
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Fig. 5.3 Ratio of adjusted current to reference current for panel A at all fields. 









Fig, 6,2 Ratios of adjusted currents between panels vs, bias potential for medium field. 
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Fig, 6,3 Ratios of adjusted currents between panels vs, bias potential for large field. 
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An Analytic Solution to the Classical 
Two-Body Problem with Drag 

Don Mittleman* 

& 

Don Jezewski** 


Abstract: 

An analytic solution to the two-body problem with a specific 
drag model is obtained. The model treats drag as a force pro- 
portional to the vector velocity and inversely proportional to 
the distance to the center of attraction. The solution is expressed 
in terms of known functions and is of a simple and compact form. 

The time-of-f light is expressed as a quadrature in the "true anomaly". 

*Department of Mathematics, Oberlin College, Oberlin, Ohio 44074 

**Mission Planning and Analysis Division, NASA Johnson Space Center, 
Houston, Texas 77058 





Introduction; There are few solutions, either analytic or in closed-form. 


to the classical two-body problem with drag. Brouwer and Hori Cl] developed 
a closed-form- solution in canonical variables of the motion of an art- 
-ifical satellite in the gravitational field of an oblate earth including 
first-order corrections due to a spherical atmosphere and a velocity 
square law in drag acceleration. 

Danby, proposed an alternative drag model in which the resistance 
is proportional to the vector velocity and inversely proportional to 
the square of the distance to the center of the attracting mass. This 
model leads to a scalar inhomogeneous 2nd-order linear differential 
equation. He uses a perturbation technique to obtain the solution to 
the differential equation assuming that the constant of proportionality 
in the resisting force is small and that terms involving powers of this 
'constant greater than one may be neglected. 

Initially, we start with a general linear 2nd-order vector differential 
equation with arbitrary scalar coefficients. X^e then develop a 2nd- 
"order vector differential equation in which the dependent variable is. a 
.unit vector in. the direction of the radius and the independent variable 
J.S the true anomaly. We show that this differential equation includes 
as special cases the classical Kepler solution and Danby ’s model. 

By- analyzing the coefficients in this vector differential equation, 

-.we are able to obtain an analytic solution to the model originally 
proposed by Danby. Our solution is shown to include his when the resistive 
coefficient goes to zero. 

Using this analytic solution, the vector differential equation for 
this drag model reduces to the differential equation for the vector har- 
monic oscillator. The general solution to the problem is then expressed 
in a simple compact form. 

We were not able, to integrate the time-of-f light equation, the analogue 
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-of Kepler’s equation, in a finite number of terms of known functions. 

The time-of flight, however, is readily expressed in 'terms of a quadrature. 

Details of the computational procedure and characteristics of the 
functions used in the solution are included in appendices. Graphs 
^illustrating the general characteristic of these functions and the 


solutions are also, included 
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Statement of the Problem 

The two-body problem may be expressed by the vector differential 
equation 


4 . pCtZjtj) n + yw -R s o 


(1) 


where R is the radius vector from the center of mass of the attracting 
body to the particle, and are arbitary scalar coefficients 

and dots denote differentiation with respect to the independent variable, 
time. To retain as much generality as possible, we refrain from spec- 
ifying |3 ^ this time. 

We first transform equation (1) by introducing a polar angle, ^ , 
which we shall refer to as the true anomaly, as the independent variable, 

'Ri'R'e , -K c -R," ©’■ + -Ti' e 

where the prime, denotes diff erentation vzith respect the angle 0 . 
Equation (1) then becomes 


'SK," e © -e p 




( 2 ) 


Classically, it has been found useful to introduce the unit 


vector 


. With this definition. 


equation (2) becomes: 


(3) 


Paralleling the classical procedure, we let 


1 v'r: - , r"c -* 4 ^ ^ 

' tc'' * ^ fjt3 

and equation (3) becomes: 
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Equation (4) may simplified if we let 


2 . a,' 


« . e*- u. 




( 5 ) 


( 6 ) 


Particular Solution 


We are motivated at this point by the solution to the classical 
Keplerian problem, |i s o and y* s where ^ is the gravitational 

constant. For these values of ji and , the conservation of angular 
momentvim implies O . We refrain from so specifying and 3^ , but do 
explore the possiblity that PsO , Equation (5) becomes: 


and recalling that u = —, 

r 


J ( Y‘ iP) ^ p O 


(7) 


(Note, if p»0, the Keplerian angular momentum T 0 = constant.) Equation 
(7) readily admits another integral if ^ ~^T. where o*. is 

a constant. This integral is 


Y'*® 4 w 0 ■ ^1, 

is a constant of integration. 

Withy»<7, equation (6) reduces to: 


( 8 ) 




(9) 


In retrospect, it is clear that is equal to zero in at least two cases, 

2 

(1) when no drag is present and (2) when the drag is proportional to 1/r 
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It should be noted that any perturbation having an effect directed 
along the position vector can be reflected in our choice of . 

Thus, VcO removes any coupling between the unit vectors in the 
direction of R and its derivative with respect to ^ . 

The simplist problem we can solve that includes a drag term is 
to choose . For this choice, equation (9) becomes, using 

equation (8) to eliminate 0 , 


^ 


( 10 ) 


Classically, when ^ 0 , i.e. no drag present, the coefficient 
of ^ * when set equal to 1, produces the differential equation for 
the Keplerian conics. With drag present, i.e. setting the 

coefficient of ^ equal to 1, produces the differential equations 

// 




(11a) 


and 


^ — .z. 


Equation (lib) is given by Danby, page 231. 


(11b) 


Solution of equation (lib) 

Danby, chapter 11, studied this equation with eC O « His method 

*C ^ 

of solution assumes that is small compared to unity; he 

expands the right-hand side of (lib) in pov/ers of and neglects all 


but first order terms in . The solution 6o this problem, however, for 
arbitrary can be obtained in terms of known functions. 
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Knowing the solution of the homogeneous equation, er Q , 

a particular solution can be obtained using the method of variation of 
parameters. We chose, however, to use the inverse Laplace transform 
Aside from simplifying the algebraic manipulations, this method 
demonstrates an alternate procedure for solving a class of differential 
equations. For convenience of notation, we temporarily change the 

independent variable by letting z = hsL & . 

«c 

Equation (11b) is now rewritten as; 


a 


•f- 


CL 



( 12 ) 


If LC is the Laplace transform of I? , then taking the inverse Laplace 
transform of equation (12), we obtain 




so that. 




I 


The Laplace transform of this equation is 








J't 


jXr 


Using the standard notation \5T, chapter 5 J, 

For details concerning this function, see appendix (A). 
The general solution for is: 


o\ 




(13) 


(14) 


(15) 


where <?^and s. are constants of integration. Hence, the equation 
for radius, r, is 






( 16 ) 
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where ^ ^ Z*' 


K'- 


and 


f 






It can be shown (see Appendix A) that 



and this is recognized as the solution to the classic Keplerian two- 
body problem. 

The solution for the position vector R, as function of ® , is 
obtained from equation (11a) , 




(17) 


where A and B are arbitrary vector constants and Y' is given by equation 
(16). 


Looking at the solution as given by equations (16) and (17) , 
these are nine constants of intergration, h^, e, and the vectors 
A and B. Since the original problem calls for the solution of a second- 
order vector differential equation, only six of these constants are 
independent. The relationship between them is developed in Appendix C. 
The Time-of-Flight Equation 

The only relationship involving time occurs in equation (8), which 
indicates how the magnitude of the angular momentum changes. Since Y' 

. is expressible as function of & by equation (16) , the time-of-f light 
between two values ©, and is given by the quadrature 




A*- i 


Crip))'’ 


ft 




(18) 


Since we are dealing with a perturbed Keplerian problem, the standard 


transformation from true anomaly to eccentric anomaly does not yield an 
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Integrand that is integrahle in terras of elementray functions. Any 
standard quadrature formula, e.g. Romberg integration , may be used 
to evalute the integral. 

a 

Graphical Illustrations 

Figures (la) and (lb) illustrate the effect of drag, <<. , on equation 
(16) . The values of the constants h^ and were chosen equal to 1 and the 
constant e was taken as 0.01. Comparing the two figures, it is apparent 
that the drag effect is more pronounced as eC goes from 0.005 to 0.05. 

Figures (2a) and (2b) are similar to (la) and (lb) except" that the 
constant e was increased to 0.5. 

Conclusion 

We have obtained a closed-form, analytic solution to the two-body 
problem including drag that generalized the classical Keplerian two-body 
problem and subsumes the Damby perturbation method. 

Two serendipitous results are; 1) the development of a vector diff- 
erential equation that permits the analysis of an infinite numbers of grav- 
itational and drag models, and 2) the obtaining of the solution of a linear 
differential equation using the inverse, rather than the direct method of 
Laplace transforms. 


We gratefully acknowledge the assistance of Eleta Malowitz and Jerry Yglesias 
of Barrios Technology Inc., for their aid in obtaining the graphical data. 
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Appendix A 


• The Function g(z) 

» 

The following Is an amplification of material taken from fsl. 
A) In equation (14), the function g(z) was given as 




] rV/ 


c/f 


(Al) 


This function may also be expressed in terms of sine and cosine 
integrals. If we denote 


y^(9) 


and 


then. 


-I 


J'T 




I 


d't 




( 5) -B. — ^tV?7 /Ceo (?) — . ^ 


(A2) 


For , the sine and cosine integrals may be expressed in 

terms of the following expansions. 




(’0 






•o 

Cc ( > ) 5 ^ ? V- 7"- 

Uci 




2-H 




is the Euler constant; 1/^ g O.SllJi />T 6 9 0 /S3 A.9^ot, •< 

Clearly the two infinite series coverage rapidly for |il 

For I ^ , an asymptotic expansion is available. 
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Also for this domain of z, rational approximation have 
been determined: e.g. 

!<*<«» 

, ^ 1 /i*+o,z*+a2a:*+03a:*+aA , . 

Ie(x)i<3X10-» 

fli= 42.242855 6i= 48.196927. 

03=302.757865 62= 482.485984 

03=352.018498 5,= 11 14.978885 

o«= 21.821899 64= 449.690326 

The graph of g(z) is given in Fig ( ). 

B) It has been shown that g(z) satisfies the differential equation: 




it 


f 




If we define 


Jc?) = 


/ 




then, f(z) satisfies the differential equation 


Also, 




^'f2>sr — 


Corresponding to (A2), 


-r- aC(W) ('ir) 


SCF) 
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An asymptotic formula for 'f(z) is; 

J(*)~ ^ ( /- — ) 

For \ ^ i t rational approximation to f(z) is given by; 

l<Z<a> 

1 / x«+g|g*+g23:^+tt3Z*4-aA , / X 

|«(*)!<5X10-^ 

Oi= 38.027264 6,= 40.021433 

Oa=265.187033 6,== 322 .6249 11 

o,=335.677320 6,=570.2362S0 

Ot= 38.102495 64=157.105423 

The graph of f(z) is given in Fig. ( ), 

C) We asserted in the text that the 




cl -y O 


From the asymptotic expansion for g(z). 




3 ' 




('-eV 


where is bounded for small 


Thus, 




ol-> O 






^ (i°y 


1 



ORlGIf^AL PAGE IS 
OF POOR QUALITY 


13 

Appendix B 

Computation of the constant oL, , 


We propose three basic methods for computing «(, . In all 
cases, we assume that there exists a drag model given by 
^^R,R)R where^^R,R) is a scalar function of the vectors R and R. 

1) The constant •< may be computed from the initial conditions 


.t = y;* J9 ("R ,•«.) 

•R-® o 

2) The second method uses an averaging technique. 


where R, and R are the position and velocity vectors determined from 
the Keplerian orbit having the same initial conditions, 

3) A variation of (2) for longer flights would-be an iteration 

on the trajectory. The first step is to calculate an assuming 

a Keplerian orbit. Using in the drag model, a drag orbit is 

determined. The values of R and R on this orbit are then used to 
calculate • The process is repeated. 

4) A third possibility is to segment the total trajectory and 
compute an e(, for each segment using any of the above methods. 
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Appendix C 

Computational sequence. 

Given initial position and velocity vectors and = R^^ 

at a given tj^ and a resistive constant <x. , what steps are 

necessary to compute R 2 and at a time t^? 

The initial value of the magnitude of the angular momentum is 

1^?.*' V,| » Thus, we may calculate = \t?. xv.l 

The angle 0 ^ is computed from the inital position and 

velocity vectors using the Keplerian transformation to orbital 

elements. The constant h. is then determined , from 

o 


(Cl) 


From equations (16) and its time derivative we may write: 


L' 


Avm f 6 *"^0 ) 


0&<3 

C 



Be squaring and adding we get 



(C2) 
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By dividing, 

yd^A^ ( 



where 


« 

V 


r 


(C3) 


From equations (C2) and (C3), evaluated at and R^, the constant 
e and * o< e^< are determined. 


--From equations (17) and its time derivative, we determine the 

✓ 

wector- constants A and B. 



’^1 




/CU^ 6f 



'El 




- It may readily be shown that A and B are orthogonal unit vectors 
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A Fast Variable, Step Size Inteqration Algorithm 
Suitable For Computer Simulations Of Physiological Systems 

Due to physiological ' homeostasis , the maintenance of a constant or stable 
internal environment, mathematical models of physiological control systems are 
typically characterized by stability matrices. The matrix A is said to be a 
stability matrix if, arid only if, each eigenvalue of A has a negative real 
part. Since physiological control is often complex, with some variables 
subject to control by more than one mechanisni, mathematical models of physio- 
logical control usually result in stiff systems of differential equations. A 
system of differential equations is said to be stiff if the absolute values of 
its eigenvalues differ by orders of magnitude. Mathematical models in physio- 
logy frequently result in non-linear systems of differential equations, due in 
part to the complex interaction between various control systems. Thus, the 
mathematical modeling of complex physiological control often leads to a stiff 
system of non-linear differential equations characterized by a stability 
matri X. 

Because it is usually very difficult to solve non-linear systems of 
differential equations by analytic techniques, mathematical models of complex 
physiological control systems are usually solved using numerical inteqration 
techniques and high speed computers. The numerical solution of a stiff dif- 
ferential system noses an interesting aiip^ina. Hov; does' one achieve both 
accuracy and commitational efficiency w'ven solving stiff differential systems 
using numer'jcal integration techniques? Shampine and Bear ’’I] discuss the 

li " : 

problem at length. They point out that explicit numerical methods fail on 


1 
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stiff problems because of the severely restricted step size. When v.?ry small 
step sizes are used throuqhout a computer simulation, efficiency suffers due 
to the larqe number of computations required and accuracy may be lijmited due 
to roundoff error resulting from many computations. Implicit numerical 
methods permit larger step sizes, but usually require many computations per 
step to either invert a matrix or to iterate in order to find a suitable 
solution at each step. Aqain, efficiency and accuracy may be sacrificed; 

In the model inq of many physiological control systems, high order 
accuracy is not required since the values of many of the parameters are not 
known with great precision. It is, therefore, desirable to have an efficient 
numerical integration method for use in physiological simulations. The order 
of accuracy of the method is not of primary importance. The method should be 
easy to implement in a computer simulation; hence, a subroutine to do the 
numerical integration is desirable. The method should be capable of recog- 
nizing and following rapidly changing transients wherever they occur and 
should be capable of using a larqe step size when the system is at, or very 
near steady state. Efficiency precludes iteration and/or matrix inversion at 
each step. 

A simple variable step size method based upon Euler integration v/hich 
possesses all of the above traits has been devised for use in a larqe class of 
simulations of physiological control. This method is developed in the 
rei'ia i Oder of this C'^port. 


2 
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Consider the initial value problem 
y = Ay , y(0) = c, 

where A is a stability matrix. The case where elements of A vary with time 
is not excluded in this consideration. 

Let A = A - dl + dl where d is a scalar. Then y - (A - dl + dl)«y. 

Define a hybrid Euler method which has both explicit and implicit parts by 

Vl = ^ ^ ^ 

The implicit part is confined to the main diagonal. Since d is a scalar, 
iteration is not necessary to solve for 

(I - hdl) y^^^ = (I + hA - hdl) y^ 

Vn+i = n + (’/'I - 
^+1 " ^ ^ 

LpL r = V(1 - !>(|ual. Tnri (i) for 
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^ ~ ^n+l'^^n’ becomes the implicit Euler method which permits large 

step sizes, but is not very accurate during transients. We seek to improve 
upon this choice of r. 


Consider a single variable y for a moment, rather than a large system. 
Let us say that y is approaching stability when the graph of y is either 
decreasint] and concave up or increasing and concave down. Similarly, say that 
y is approaching instability when the graph of y is increasing and concave 
up or decreasing and concave down. If y is approaching stability, then r 
must be between 0 and 1 for accuracy. If y is approaching instability, then 
r must be greater than 1 for accuracy. When y is not changing, r 
should be 1. The diagrams on the next page illustrate how r should be 
chosen. Let r = (zy^ + (1 - ^)-yn+l^/-^n i. ^ 

Vl * ’'n ^ (2) 

At any point in time, y can be expressed as a linear function of y. That is, 

y = a+by, (i) 


wh-’C'^ a . 'nr' n f'li'ght v^rv with ^ hut a -j nn«'’n^nd’‘n'*' of y. 


S(j V - a + by and y , a + by steady S’a + '>, . a a r' h 

nf n n + 1 ~ ri+1 ’ . 

shot] Id not change with time. Thus (?) becomes 


Vl " ^'n ^ + (1 - + ^Vn+l) 


n+1 
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Solving for 

•^n+1 " + zhy^))/(l ~ (1 - z)hh) (4) 

which becomes our integrator equation. It is interesting to note that when 
z = 0, (4) reduces to y^^j = y^ + (1/(1 - hb))hy^ 

So d in equation (3) is the sane as b in equation (3) when z = 0. 

If z = .b, ttie method is the familiar trapezoidal rule. If z = n, tlie 
method is the implicit Euler method. It seems that we have traded the problem 
of selecting r for the problem of selecting z. The fact that z remains 
unknown should be viewed as our opportunity rather than a problem. We should 
choose z in order to optimize accuracy during transients and efficiency at 
or near steady state. That is, z should be .5 when y is changing rapidly 
and z should be zero near steady state to permit large step sizes. Thus, z 
depends on h, v/hich depends on the magnitude^of y. If z = .5exp(kh) for 
'some k < f), then z behaves as desired. We must now select k. 

If one examines a typical solution equation in a stiff system, one finds 
that it is usual 1 y connosed of tv/o or more terns, one of which soon ceases to 
contribute to the overall solution. Rui (?) provides the following simple 
example. 
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Let y = Ay with y(0) 


[2,0, - 1]^ where 


k 21 19 -20 


A 


with analytic solution 


19 -?A 20 


40 -40 -40 


v'j(t) - exp(-2t) -t ex[)(-40t) • (cos4()t + sin4Ut) 

y 2 (t) = exp(-2t) - exp(-40t) • (cos40t + sin40t) 

y^(t) = - exp(-40t) • (cos40t - sin40t) 

Note that exp (-40t) is a factor in a tern in at least one of the solution 

equations. This is typical of stiff differential systems. After t has 

increased sufficiently, exp(-40t) is negligible, yet the presence of that term 

continues to restrict the step size in explicit methods. When a step of size 

h is taken startinn at t = t , th«n exp(-4'0(t +h)l = exo(-4nt ).exp(-4nh). 

n n n 

Near steady state, h should be large and exp (-4D(t^ + h)) should he 
zero. If k is chosen to be equal to the most negative real nart of any 
eigenvalue of the svstom, the integrator equation defined in (4^ with 

7 ^ I ' > risul*'-. i j>'( “'r- , i* i - ''-iv * ■> 

■'■St i nost .*1 !|u-i.va 1 u*' . Its ex. is nat f' :| i i r-. 1 . 

Il ' 

subroutine TSTF.P has hepn written to deternina h at "^ach step. Ti’e siz'* of 
h is inversely proportional to the maximum magnitude of the derivatives at 
each step. SUIIROUTINE INTGRL and SUBROUTINE TSTEP appear in the appendix of 
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this report. Also in the appendix, the proper calling sequence in a simu- 
lation is illustrated as is the proper arrangement of arguments for SURRDIITINE 
TNTGRL. SUBROUTINE INTGRL has three arguments, a, b, and y, where y is the 
variable to be integrated, a is that portion o.f y which is contributed by 
off-diagonal elements of the matrix A which defines y = Ay, and b is the 
diagonal element of A which represents the coefficient of y in the 
calculation of y. 

There is a pitfall tn avoided when using t-his hybrid Euler method. 

With 

■^n+1 ^ ^''n ^ - ,(1.- 0 j< z <_ . 5, and h > 0, 

there is a possibility for division by zero if b is positive.. If the 
diagonal elements of the matrix A are all negative, there is no problem with 
division by zero. If one or more of the diagnonal elements of A are non-nega- 
tive, the step size h is limited. Some stability matrices possess non- 
negative diagonal elements. If ,a non-negative element appears on the main 
diagonal of matrix A, one should first seek to interchange equations to obtain 
only negative diagonal elements. This is not always possible. Work continues 
to find a suitable method of solving this problem. 


R 
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Abstract: 

A visible emission spectroscopic method has been developed in 
which t he amounts of excited singlet and triplet oxygen mole- 
cules produced by recombination on the NASA Space Shuttle Or- 
biter tUeiTaal protective tiles at elevated temperatures have 
boon dotoi'mined. Rate constants and energetics of the extreme- 
ly exothermic reaction have then been evaluated in terms of a 
chemical and mathematical model, and conclusions and impli- 
cations for their potential contribution to Shuttle surface 
reentry heating fluxes have been drawn. 
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The mode of generation and the fate of the energy released in oxygen-atom re- 
combination reactions are of crucial importance in the operation of NASA's JSC- 
Houston's arc-jet tunnel facility, and are of paramount concern in the continuing, 
mission-by-miasion performance of the Space Shuttle Orbiter during its upper atmo- 
sphere reentry,^ Oxygen atoms generated by hi^ frequency shock wave vibration 
behind bow shock of the Orbiter recombine on the reaction cured glass (RCG) surface 
of the low-denaity, 9^% silica, boron silicide-coated thermal protective tiles, 
■whose surface atoms catalyze, in an apparent first order reaction, the ^necombination 
of these atoms into diatomic molecules. In so doing, these "critical" tiles absorb 
a fraction of the recombination energy, resulting in extreme Orbiter tile surface 
heating, with temperatures of about 2500°F and heat fluxes of 2-10 BTU/ft^ on cer- 
tain key areas of the spacecraft londerside. Althoiigh these temperatures and heat 
fl'uxes have been napped, simulated and predicted by complex, state-of-the-art en- 
gineering anvi exmputer-solved models or "codes", which now include contributions 
from energy lost through grey-body radiative emission, substantial arc-jet tunnel 

data and recent limited actual flight data suggest that the heat flux to the tiles 

2 3k 

still falls short of the amount predicted by the current heat fl\ix models. ’ * 

The resxilting lower accomodation of energy observed for these Tile TPS species may 
be more adequately' explained by the release of a significant portion of the pro- 
duct molecule;? in the form of electronically excited species or "excitions", which, 

3 1 1 

for oxygen, include E 0„, A 0^ and Z 0„. These excitons are all higher lying 

u ' & g £ g - £ 

energetic foms of molecular oxygen, capable, in theory, of carrying away 20^ or 
more of the toi ul recombination energy. Some of their characteristics are enu- 
merated in Tabic 1. Furthermore, at the low pressures ( .1-10 torr) and high tem- 
perattares(l500^K) encountered by the tile siirfaces during the reentry stage, one 
^f these species, ^A 0^ or singlet delta oxygen, has a considerable radiative 
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lifetime of around a second. That oxygen atoms recombine on siliceous and other 

..... 

stirfaces to produce excited species has already been established, both 0^ and 

jL 7 

Ag Og have been generated in this fashion. .These species, among others, have ' 

been identified in upper-atmosphere phenomena such as aurora and nightglows, which 

are found in the regions that the Orbiter has been found to experience its greatest 

89 

thermal stress dxiring reentry. * Apparently, emission from these excitons and those 

of nitrogen has' actuauLly been observed by STS-1 Shuttle pilots beginning at 63 Km. 

10 3 

altitude. Recently, 0^, one of the most energetic excitons, has been identi- 
fied in glows in the upper atmosphere and also foimd to be a k% recombitfiation 
product of ih) oxygen atoms . ^ • 

In this report , I propose a mechanism and model for the surface-catalyzed 
oxygen-atom recombination reaction sequence which is consistent with data obtained 
through computer-assisted, band-specific emission spectroscopy of excited oxygen 
molecules and pressure-differential analysis of oxygen-atom concentration, at a 
ariety of temperatures (25-300°C) and pressures. ( .1-2.3 torr), conditions similar • 
•to those experienced by the Shuttle dxzring its crucial reentry phase. The mechanism 
proposed includes analysis of kinetics, energetics, reaction orders and recombina- 
tion or deexcitativ''a coefficients for each of the three Important surface-assisted 
phenomena, incluvHng atom adsorption and recombination leading to desorption of 
oxygen molecules of all types, atom recombination and desorption leading to the 

major excited nj'ccles produced, ^A 0„, and the surface catalyzed deexcitation of 

S ^ 

131 

A^ Og and Z^ 0.,, Since Z Og is formed in a steady state, energy pooling reac- 

1 12 
tion from A 0,, its characteristics could not be determined at this time. In 

6 

addition, we prcpcsit a reevaluated picture of the surface-adsorbate profile, and 

from it, and prcvtvixis arc-jet tunnel data, have attempted to more closely quantify 

the energies auA entropies of activation for oxygen atom recombination and ^A 0 

8 2 

3 2 3 11 

id Z^ Og deactivation on the tile surface. * * 1 In addition, we have deter- 



3 


mined vhat we believe are only the second set of A molecule-deexcitation coeffi- 

g 

cients, and y^» this particular exciton. The nimibers obtained both exper- 

w t 

imentally and throng interpretation offer conclusions about the oxygen-recombination 
and deexcitation jihenomena on RCG-coated tile surfaces, and has allowed us to for- 
mulate initial ideas about the analogous atom and exciton pehnomena involving 
nitrogen, •jdiich we hope to be able to study. 

II*. Model Assumptions and Reaction Mechanism: 

Previous data published on oxygen-atom recombination reactions in tile-like, 

t 

siliceous sttrfaces, are all consistent with the model assumptions that we have 


adopted and enumerated below. 

l) Oxygon-atom recombination reactions are apparently first order in oxygen 
concentration ot low pressures, but develop a second order component at hi^er gas 
pressures or flow velocities, indicative of a marked change in surface site popu- 
lations. We have observed this effect in certain of our experiments.!^ 

2) Oxygen atoms recombine on siliceous stirfaces to form a predominance of 
ground state^molccules, but a fraction of excited species have been produced as 
-fell.!!»!5.!6 


3) Oxygen-atom recombination is very rapid when compared with surface cata- 
lyzed exciton dcoxcitation, leading to the expected result that a significant amount 
of recombination energy may be carried away in the form of excited species. 

Oxygen nton recombination is extremely fast when compared with oxygen- 
exchange with plans surface B-0 or Si-O tinits. 

5) Cailculntcd low energies of activation indicate that no strong bonds are 
broken in the rale determining reaction steps, but the rather large and negative 
calculated entropies of activation indicate that surface orientation is important 
in the rate-determining steps. 2, 17 

6) The surface modelled is a uniform, typical, silicate-like medixom with 
lo!5 to 10!° SI -0-Si ”sites"/cm2, and is rather sparsely occupied by adsorbate 
atoms and molecules under the conditions of low pressure and hi^ temperature 
characteristic of Shuttle reentry. Bo mxiltilayer adsorption exists. 17 

7) The HOO sites are behaving in the Polyani sense as a repulsive surface, 
i.e. , groxind stale and excited state O2 molecules are leaving with high recoil 
energy, and hence, imparts the RCG surface material with a relatively low value 
of the energy acoomedation coefficient, g.I" 


ORlGlk''^AL 

OF POOR QUAunr 



ornesm. ^ 

OF POOR QUALtTY 

The following reaction mechanism is consistent with all previous oxygen atom 
recombination data and with our initial excited species determination data.^*^ 

We hope to supplement it with microcalorimetric recomhination data in the near 
future. 


I. Atom Ad:;orption; 

In a rapid, equilihrium-controlled adsorption step, oxygen atoms are weakly 
chemisorbed (AH = 6-10 Kcal/mol.) onto surface sites, which sire oxygen atoms in 
Si-O-Si linkages, and electron-rich. At lower temperatxires, and hence at slower 
recombination rates, an appreciable fraction of all possible surface sites are 
so occupied, or are occupied by other product molecules. This condition is also 
met under conditions of higher gas pressures: 


0(g) + S (s) S-0 (s) = k^ / k_^ 

In such a process, since An = -1, and AH , ==(-), we wo\ild expect a moderate and 

^ €LCLS 

negative entropy contribution to the reaction kinetics. 

During shuttle reentry conditions, as well as under early flow conditions in 
our experimental apparatus, and especially at the lower temperatures where surface 
coverages are higher and effective recombination rates are lower, atom recombination 
can be appreciably' slowed by competitive site occupancy by product molecule species: 


^eq ■ V^-1 “ "lLSj4S-0jjL0^]’ ^°o^ ^^o^* 

As such, K^^( early) = k'V[0^], or the reaction rate is held up or depends on l/[0^], 
and the reaction has a second order component. At later flow conditions in our 
experimental apparatus, or at very high temperatures and/or low pressures, when 
[O ] «< [S 3, t!jcrc are more free sites than occupied ones, and the rate is not 
controlled or held up by site occupancy. The experiments of Scott and tfyerson 
are consistent with this behavior. When [S^] » [O^], then [S^] =[ [S^]-[S-0] ] , 
nd ’ 3" 3 ' this point the rate of reaction ceases to depend on 

l/[0 3, but follova the typical ^first order, logarithmic behavior. 


Certain of our 
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data is consiatcntv.with this apparent order change vith coverage change, for as "’I ^ 
oxygen exciton concentration as measured by intensity of emission drops, the second 
order dependence on concentration is replaced, at a surface-glutted transition point, 
by a first order dependence. ¥e believe that the apparent low recombination and 
deexcitation coefficients observed for oxygen on siliceous surfaces are consistent 
with an inability of the "glutted” surface to rapidly catalyze recombination of 
atcms, and hence, an inability to accept a relatively large portion of the potential 
recombination energy carried to it by oxygen atoms and excitons. 

Il(a). Direct, Bate-determining Beaction of Gas -phase Atoms with S\jrf ace-fixed 

% 

Adsoprbate Atoms; 

In a slower, rate-determining reaction, it is po^ible that gas-phase oxygen 
atoms next strike the atom-occupied surface sites, and recombination occ\irs immed- 
iately with formation of surface-bound adsorbed ground state molecules and excitons j 
depending on the surface site distribution: 


0 (g) + S-0 (s) or S-Og (s), etc. 

In such a process, since An = -1, and AH = (-), we would expect a large and negative 

E 

entropy contribution. This process would also be favored under tile conditions of 

high temperature and low pressure, where recombination rates would be high and 

surface occupancy by adsorbed products and other molecules would be small. A suitable 

rate expression for this reaction is: 

rate = d[0]/dt = [0^][S-0] 

t 

At high [O] concentrations, or under our apparatus conditions, at early reaction, 

since [S-O] •= k [O ][[S ]-[S-0]], the rate = k„ K ^fo ]^[fs ]-[S-0]] or “[O ]^. 

c«l o o e^ X -o X 

. But, at lower [O] concentrations, since [S-JQ] = K [S ][[0 3-^[S-6]], the rate exp- 

session becomes • k K [O ][S ][[0 ]-[S-03], or “[O]^. Our experimental resiilts 

eq X o X 

are in accord with the order change predicted for a surface of varying occupancy. 
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Il(b). Rate Determining Surface Migration of Adsorbate 0-Atoms; 

Another X'eaaonable recombination step involves on-s\irface recombination 
of oxygen atoms by migration: 

S-O(s) + l'-O(s) S(s) + S-Og (s), etc. 

In such a process, since An =0 and AH = (-), but less negative, since half of. 

fi 

the adsorption energy is lost, the entropy change would be expected to be relatively 

modest, or even positive, since there has been no decrease in the number of moles 

of gas nor no increase in sui'face ordering. Since [S-O] = K [S ][[0 l-{S-0]], the 

eq. o o 

rate of the process might be expected to follow the law: 

rate = k [S-O]^ = k_ IS„]^(K )^[[0 ]-[S-0]]^ 

Rg Rg o eq o 

and hence, would be independent of [O] concentration. Since our data does not, 

at this time, supi^ort this rate phenomena, and the data of Scott and Myerson is 

aJLso not consistent with it, we tentatively propose that step Il(b) is much 

less important than the gas surface alternative Il(a). Migration of atoms bonded 

to metallic sui'raccs has been reported, but involved rather large activation ener- 
19 20 21 

gies. * * Such processes were followed using field ion microscope measurements. 

Energetic for such surface-adsorbate atom jumps are on the order of 3-22 Kcal/mole, 

2 

comparable with Iho oxj'gen atom energies of activation found by Scott. It is 
possible that both surface-surface and surface-gas recombination phenomena are 
occurring simultaneously. 

III. Rapid, Kquilibriun-controlled Desorption of Recombined Molecules: 

In the final step, product ground state and excited molecules are desorbed in 
an equilibrium reaction from the surface. At higher temperatures and low gas 
concentrations, this process shoxild approach an equilibrium, and should not 
control the rate of formation of products in any fashion: 



S(s) + Og (g) 

« 




S-Og (e) 
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In our ejqperiments , vhere A Op and Z 0 (ground state) are approximately con- 

N ^ 1 ^ 

stant at ar^ tube position, and Z 0_ is generated in stea^-state fashion, we 

s 

can estimate values of for each of these species, as; , 

^ _ [Op}[[s_^3-[s-Op3-[s-o]]/ 

^ o 2 / 

3 [sIoT] 


At early apparatus conditions, or under the conditions of low temperature and/or 

hi^ gas pressxu'e, the k ^ reverse reaction will tend to impede the forward recom- 

binalTion reaction, but at late apparatus conditions, or under typical Shuttle flight 

conditions of low oxygen concentration, high temperatiire , and lower pressure, there 

will be no rate retardation, and recombination should follow typical first order 

kinetics. Our work is consistent with this model, and Scott's data on arc- jet 

recombination c;m be interpreted in this fashion. Following this behavior, Scott, 

Melin and Kadix, noted that values increase with an increase in temperat\ire, 

consistent with wore rapid desorption rates for product oxygen molecules, leaving 

more surface art'it available for recombination at higher temperatures and hence a 

2 15 

larger expected leoombination efficiency and energy accomodation. * The reaction 
path vs . energy* profile pictured in Figure 1. is consistent with the observed ener- 
getics and entropies and o\ir proposed mechanism. With a rate-determining step like 
11(a) above '.nvoivx'd, it is likely that the surface can accept up to one-half of the 
available recombination energy, resulting in a 3-value of less than, or at most equal 
to, 0.5* This px'cnise is based on similar conclusions drawn by Melin & Madix in 
their studies of oxy'gen-atom recombination on metal surf aces. We have not, as of 
Axjgust 1981 , qviantified the energy accomodation by the surface for excitons, 
but in a continuing series of calorimetric experiments, due for completion this 
coming year, will determine a g-value for the energy accomodation for deexcitation 



Ill 


Surface Model, Adsorption Phenomena, and Energy and Entropy Considerations 
For Oxygen Recoml3.1nation and Beexcltation; 


One of the tnnjor prohlems for a person in developing a mechanism for atom 

recombination on Shuttle TPS ECG tile materials involves the nonuniform, ir?e- 

producible nature of the tile surface itself. The species' surface has heen 

heretofore assumed to have many of the characteristics of quartz and other sil- 

iceoxis materials, as extrapolated from its physical proi>erties and from its 96 % 

silica, h% hoiron silicide composition, althou^, contrary to quartz and many 

other glasses, it has "been shown by electron diffraction and scanning electron 

\ 

micrography that the tile surface undergoes alteration (throu^ apparent oxidation) , 
when exposed to oxygen at elevated tenq)eratures for extended periods of time . 

To suggest that it is a uniformly catlytic substance over all regions is more than 
a gross assumption, but one that we were forced to make. From previous calculations, 

we can be sure thore are, on the average, about 10^^ to 10^^ surface active "sites” 

2 23 

p^r cm „ end the surface, in general, resembles other silicates. Interaction of 

0-atoms with quartz and other silicate surfaces such as ECG are presumed to occur 

throu^ rather wenXly chemisorption interactions, on the order of 6-20 Kcal/mole, 

while adsorption of grovmd state oxygen or its hi^er-lying excitons are presumed 

to occur through c\en weaker, physisorption interactions, on the order of the en- 

thalpby of adsorption, of 2-6 Kcal/mole. These result in widely spaced adsorbate 

—2 — U 

interactions. It has been estimated that only 10 to 10 of the potential site 

area is covered nt anj’ time, with available mole site spacings of T = 10”^° to 
-9 215 

10 moles /cm * In any case, exchange of adsorbed 0-atoms or Og molecules with 
oxygen bound in purface Si-O-Si units proceeds prohibitively slowly when compared 
with atom recomVlr.ntion or exciton deexcitation. That recombination or deexcitation 
takes place at only a fraction of the possible or potential surface sites aids in 
exnlaining the- lev values observed for y, y*, and B for these systems. These low 
reaction and enpi*^’ recombination and energy accomodation coefflSciehts contrast 
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strongly vith those previously determined for platinum,- silver, copper, nickel, 

15,16 


*d the other trarsition metals. 


There it is assumed that nearly all of the 


Bvrtace atoms may serve as a tengplate for recombination or for exciton-specific 

13 lU 15 

deexcitation, vith concomitantly hi^er y,y*, and P values. * * These metal 

surfaces have also heen shown to he readily poisoned or deactivated catalytically 
hy introduction of foreign atom layers, which iisually adopt veil-ordered surface 
positions atop the regular metal lattice, and as such, can be rather precisely 

27 28 

located using low energy electron diffraction techniques (LEED Spectroscopy), * 

t 

One might a priori expect that introduction of the boron silicide 
into the RCG surface region to cause the surface to have a considerably lower 
catalytic reconbination coefficient than quartz or other siliceous materials, but 
in fact, the reverse has been shown to be true, 2 

It was beyond the capabilities of o\ir research team to closely define, elucidate, 
r»r even approximate the average natvire of the RCG siarface. Thus, any deexcitation 
or recombination data must be discussed in terms of an imaginary average surface 
with approximate kinetic, energetic, and entinapic parameters. In theory, when a 
reaction such as recombination takes place on a nonuniform surface, in which there 
is a variation in site-types, both the resultant site adsorbate populations and 

17 

their energies of activation for a partic\ilar- reaction are different. It is even 
conceivable that the sites differ in enovigh respects that different products may be 


preferred from them. Assuming that all of the different site types are more or less 

-2 -U 

equally but spsrselydO- to 10 ) occupied, then the kinetics and energetics may be 

averaged, and the reaction rate expressed as: 

_ loi . ) 

* , '■OKT J e. 

or rate = i 


r„ h 


i^O 
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In our flov apparatus experiments, ve made the very simplistic assumption that there 
V "e only two types of sites, , or pyrex, and or RCG tile. Our later deexcitation k 
values showed that the tile sites are nearly chemically indistiguishahle from the 
glass sites. In the flow experiments, with th tiles absent, = c^ = 1.0, and when 
the tiles were present, ” ^w ~ ~ ^t ~ *337. We analyzed each of these 

arbitrary site types as uniform, with the full understanding that they could each be 
further subdivided, and with the knowledge that the RCG tile sites, at least, were 
constantly being modified by oxygen atoms at the elevated tenperatures of our ex- 
periments . * 

/] 

Adsorption Times and Equilibria: m 

. ,i 

For the first and last steps of the proposed recombination process, we assume 

that these reactions are governed by typical, physisorption phenomena. If there were 

no attractive forces at all between oxygen atoms or molecules to surface sites, the 

residence time x would be e3q>ected to be on the order of a single molec^JLar vibration, 

-12 

w. — ch, for Op, would be x = 10 seconds. The interaction energy Q and energy 
accomodation coefficient 3 would both be essentially zero for this "hot” atom and 
cold surface and the particle wovild strike the "cold" surface and rebovind with all 
of its energy, with none transferred to the surface, and no chemiceil reaction there 
would have time to occur. However, since cculombic or electrostatic or electronic 
attractive forces are present, a nonzero energy of interaction results. This value 
of Q is on the order of the enthalpy -of adsorption, euad results in a measiirable 
accomodation coefficient P, since more chemical energy is thus transferred to the 
surface. The time of surface residence is expressed as: 

X *= X T = °Kelvin, R = .00198? Kcal/mole 

•• o 

As expected, the residence time of adsorption decreases with an Increase in tem- 
p^-atxire. As adsorbate species gain the needed activation energy (Ebj or Ea^^j in 
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Figure 1.), they are able to escape their sturface sites and free them for other 
species. It Is safe to asstone that vhen tx is as large as several vibrational 
eriods, that rather strong chemisorption has occurred, and a considerable amount 
of energy is accomodated by the surface. In our study of deexcitation of delta 
oxygen by surface sites, it has been calculated that only about 1 of L0,000 s\ir- 
face-exciton collisions possesses a long enou^ residence tin« for deexcitation 
to occur 


La ng muir developed relatioships that connect the process of chenisorption 
to ordinary kinetic parameters, expressing the rates of adsorption and desorption 

t 

in terms of molecular properties. The rate constant for desorption, important 

28 

in steps I and III of our mechanism, is related to the adsortion time tq as: 

k (O-ntoffis) = 1/t • e § and k (O molecules) = l/x* • 

-1 o 32 o* 2 

— X2 ^ 

Assuming Tq and to be 10 sec, and Qq to be 10 Kcal/mole and to be 6 Kcal/mole, 
k ^ and k^ may be obtained, assuming a temperature of 300°K. These results are: 


k , • 5.2 X 10 /sec 

. « l«.3 X 10 /sec 

^3 


Tq = 1.9 X 10 sec 
= 2.35 X 10"**^sec 


The rate constants for adsorption, or the reverse reaction, may be expressed as a 


function of the number of particles striking the catalyst surface, which is considered 

26 

to be a 2-dimcnsional box of site are o^, which follows the relationship: 

k « Ko^/(2rt!RT)^^^, in cm^/mole-sec 
a o ' 

Solving this expression at 300°K and assuming values of = 10^^ sites/cm^ for 0- 

16 2 

atoms and 5 x 10 sites/cm for Og molecules, gives rise to the adsorption cons- 
tants, assuming 1 torr total pressure, 21% 0 atoms, 13% Og molcules: 


ki(0-8tcns) *= 3.3 X 10 


18 atoms* sec 


K = 6.1 X 10^^ atoms *sec^ 


k ,(0rt mo^lecules = 3.2 x 10^^ molecules* sec K_ = 7.L x 10^^ molecules* sec^ 


-3 2 


should be strongly pointed out that changes in a area, by occupancy of the limited 

o 
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« 

ti 

nmaber of surface sites, can strongly alter the values of K and and 

eq. 3 

( turh the equilibria in these steps. Such predictions find support in otir early- 

reaction tube, high-presstire, lov temperatiire second order effects noted for 

both deexcitation reactions. 

Energy and Fntropy of Activation. Oxygen Recombination; 

2 15 

Previous vork by Scott and Melin and Madix ■ showed that oxygen atom and 
nitrogen atom reccmbir.ation coefficients at elevated temperatures exhibited temper- 
ature dependencies indicative of small energies of activation for the recombination 

I 

processes. In addition, each term contained a small preexponential term vhich covild 

be factored into a ter 5 >erature dependent collision frequency parameter and an entropy 

of activation, Sa, or surface orientation parameter. In general, the varioiis con- 

17 

tributors to a given reaction kinetic expression are: 


. _ _ Sa/R -Ea/RT _ kT S&/B. -Ea/RT 

a — ^ e e ~ z~~" e e 

■ n 

' 2 
Sw -t 8 data fit the recombination expression; 


■= 16 .-imti/t, 


^9 where the value of was about 1525°K. 

From the vell-kncvn expression relating the forward reaction velocity to y'q* 


k^ = (kT/2Tim)^^"Y’o ' i^’^/2Trm)l/2’l6 

Row, using the value of k^ assumed by Scott, lOLO cm/sec for Shuttle fli^t reentry, 
and assuming that the enthalpic term has tinity coefficient, Ea = +20. U Kcal/mole and 
Sa * -Ll.lj cal/'^ at 1525°K. Working from a different direction, assuming no specific 
value for k^, by equating the two expressions for k^, and then substituting into the 
well known expreaalon for y*q» vith constant Ea at 1525°K, Sa values of about -L 5.3 
cal/°K are obtained. These large and negative values for Sa are all consistent with the 
proposed surface-catalyzed mechanism, with a rate-determining step in which there is 
e: er a decline tn the number of moles of gas, and/or in which a gaseous species is 

adsorbed on the euvface on limited sites. Table III summarizes energies and entropies 
of activation for ivcombination and deexcitation reactions for oxygen and nitrogen. 
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IV. Apparatus t Procedtirea; 

Determination of the identities of, concentrations of, rates of formation of, 

3 1 1 

and rates of deexcitation or quenching of Z 0 , Z 0_, and A excitons in 

Vi ei g « g ^ 

the presence of one another and in the presence of ground state oxygen and ^ oxy- 
gen atoms, over a temperature range of 25° to 550°C and a pressure range of 0.1 

to 2.28 torr, is a ticklish procedure, and required construction and constant 

7 12 20 30 31 

modification of a complex apparatus.'* * '^* ’ Through . generous support of HASA, 

imder contract #NAS-9-l625U , and through Murray State University's Committee on 
■Institutional Studies & Research, under grant #CISR-777, along vith other needed 
equipment and microcomputer hardware and software furnished hy our Collegiate 
Dean ahd Vice President for University Services, we fabricated and/or assembled 
the components of the discharge-flow, band-specific emission spectroscopic, com- 
puter assisted reactor-detector apparatus for excited oxygen species, pictured 
in Figure 3. Pure, ground state oxygen was first precooled to remove conden- 
sible impurities such as water vapor, which were known to "quench" or deexcite 
oxygen excitons. * * The gas was then pressure pumped and vacuum pulled 

through a gas-flovmeter into the discharge region, at pressures of 0.1 to 3.0 
torr, and using flow rates of 2 to 20 cm^/sec (at STP) . The gas stream so 
developed had average forward velocities of 100 to oOO cm/sec. Some of the 
typical gas flow parameters are listed in Table II. In the 12 mm quartz discharge 
tube region, the exj^gen flow stream was excited and partially dissociated into 
atoms. Conversions were in the 15-^Oj6 range, altho\igh 26-27? dissociation , as 
determined by pressure drop measurements, were common. Dissociation was accomplished 

using 2 U 5 O ^!Hz microwave radiation from a Raytheon power source and microwave gen- 

29 31 

erator, operating at power ratios of 70 to 120 watts. * The radiation was 
carefully tuned using an air-cooled teflon tuning bar, was monitored with a 
jackmeter, and shielded from operating personnel in an alvaninum housing. 
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After passage through the discharge system, the gas stream was passed throu^ a 
series of light traps to cut down any visible light from the discharge region 
from reaching the detectorv The gas stream could be partially saturated with 
mercirry vapor, which could cause recombination of oxygen atoms when their 
presence in the detector was unwanted. In order to remove the products of this 
reaction, a condensor was also placed in the line, in which mercuric oxide, HgO, 
occasionally formed: 

Hg (g) + 0 (g) HgO (s) 

The gas stream was then passed by a stopcock that led to a nitrogen dioxide 

gas reservoir, whose contents could be used to "titrate” ‘the amount of atomic 

2U 25 

oxygen present in the mixt\ire, by the reaction: * 


2 0 (3P) (g) + NOg (g) ► Og G.S.)'+ NOg*, emits 

The pressure was monitored at this point, and at several other convenient places, 
by use of a Varlan vacuum gauge, as an alternate measxire of 0-atom concentration. 
The gas stream was then passed into a U.6l cm i.d. pyrex reactor/detector tube 
set firmly in un insxilated, circulating oven, of which a 1 cm viewing slit was open 
to the photomult-iplier detection system. The photomultiplier tube was powered 
by a variable high-voltage power source operating at typical voltages of lUOO to 
l 800 volts. It was necessary to use narrow band filters with each photodetector, 
in order that thr radiation detected by in a relatively narrow range, of about 
100 angstroms. In this way it was possible to detect the presence of a particxilar 


exciton by mear-viring the intensity of its most intense, radiative band. We used 

1 3 

the 63^*0 angstrom emission for A 0„, and the 2800-4000 complex for E 0_. 

g 2’ ^ u 2 

Althou^ ^E^ 0., could be detected using a near infrared photodetector at 7619 an 

streans, since It was constantly being replenished in the gas phase from 0_ 

in an energy pooling reaction, it was not meastired, for it was generated in steady state. 
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The ccjmplete visible emission spectrum for diatomic oxygen is presented in Figure 
U. The photoaultiplier tubes vere mounted on a ”car” driven by a gear chain and 
a stepping motor, and cotild be driven in either direction along the U3” or 109.2 
cm of the viewing slot of the detector tube so that a radiation profile with a 
distance parameter, in cm., coxild be obtained. By multiplying the distance pa- 
rameter by the gas flow rate, a reaction time vs. tube position could be obtained. 
Ass\ing[>tions made in this extrapolation included laminar flow by the gas, constant 
tube' diameter, and an average gas flow rate calculated by the expression: 

— 2 ~~ * 
u = V/.J’fR or u = .12V, in cm/sec 

where u was the average gas flow velocity corrected for temperature and presstire, 

V was the average gas flow volume, corrected for temperature and pressure, and R 

was the constant radius of the tube, 2.305 cm. The flow profile was assumed to 

3U 

follow the laminar pattern pictured in Figure 5a. The detector could be driven 
either manually or by a computer. Typicallscan rates used .58 cm/step and 250 
steps/minute. Cliart speed variation allowed spreading or attenuating a spectrm 
or any part of one, in order to obtain more accurate slopes for analysis. As 
data was taken at each point, it was also plotted on a cathod ray screen throxigh 

operation with our Apple II Plus microcomputer and peripherals. A modified 

§ 

Applab plotting program was utilized. Gas pressure and temperature were moni- 
tored at three pc'ints within the reactor profile, at 0, 25 and 75 cm, and another 
pressure reading was available after the gas passed out of the reactor tube. 

After detection and nearly total recombination and/or deexcitation, the often 
hot gas stream was pumped through a flbw-limiting final stopcock. Experience 
showed us that the oxygen released from the reactor had to be cooled before it 
was passed into the Duoseal filled vacuum pump. A Dewar flask filled with dry 
ice/acetone vaa used for this purpose. One of the major early problems encoiintered 



in the project was getting the number of molecxiles or mass of oxygen passed throu^ 
Ln order to get good visible emission from thes excited species. This was finally 
accoB 5 )lish€sd by using a pump of 500 liters/minute pumping capacity, and constantly 
changing the oil in the pump. One of the easiest measurements to obtain was the 
gas flow volxune per unit time, for during a run, all exit gases pumped from the 
reactor could be collected by displacement at a given temperature, and using the 
ideal gas relationship, the amount of material could be very accurately determined. 

Rims were obtained at different pressures and temperatures, with or without 

I 

tiles present in the apparatus. It was found that eight 1.6” x 6” tiles, cut to 
a hemi cylindrical shape, could be placed contiguously in the chamber, in such 

a fashion that they filled slightly less than one-half of the tube and had an 
effective sxmface fraction in the tube of 0.337* ®xe modified D-shape of the 
tube was then normalized to a slightly smaller cylinder, and the gas flow average 
velocities were calculated from the relationship u = .1797 cpi/sec. Particular 
excitons could be attenuated by the use of Co or Ag metal coils, and mercury 
vapor could be used to remove oxygen atoms, although it tended to reduce the amoimt 

3 

of Og as well. These different experiments allowed collection of enough data 
to obtain rather good kinetic parameters for two of the exciton species, as well 
as a temperatiU'c dependence of rate constants for deexcitation, and calculation of 
energies of activation. In addition, we found that, at late tube conditions, reac- 
tion rates were proportional to gas velocity as well. Estimates of deexcitation 
coefficients, > were also obtained. 
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The filtered radiation detected by the photonmltiplier tube vas escpressed in 

terms of a current, and vas measured at each tube position(x, cm) and recorded. 

It vas assumed that the radiation intensity vas exactly proportional to the nvmber 

3 

of atoms imdergoing radiative decay, and that the decay process vas at least 10 

^ 38 

times slover(guc 8 ses of 10 have been made'*’ * ) than the, vail or tile deactivation 

process. The further assimptlon made vas that the relationship betveen intensity 
and particle nxBnber vas everywhere linear, and followed Beer’s Lav in the fashion; 

1 , V °2^x^ 

I = [ A 0„J • vhere a vas a proportionality constant y~o ~ T ^ 

X [ A 0 ] 2 

In order that intensity alvays reflect a given number of delta particles, the 
photomultiplier shutter opening and the photomultiplier voltage vere kept constant 

throu^out a aeries of runs, averaging 5mm and 16 OO volts for the 63^0 angstrom 

1 3 

A 0- determinations and 5 mm and l^iOO volts for the Z "green glov" determina- 
g 2 u 

tions, respectively. All spectra vere recorded over the entire or 109.2 cm 

tube opening distance. It vas assmed that time-distance steady-state reaction 

conditions vere in force scon after the emission had begun. 

Typical decay profiles of intensity vs. tube position, cm., are shown in 

Figures 6 and 7* More data of this type are available upon request, since over 

ItO runs have been made to date (August 17, I 981 ). The results indicated that 

^A 0 - is deactivated or quenched on pyrex or tile surfaces only about 1/5 as 
g 

3 

quickly as Plotting the intensity data on semi logarithmic paper indicated, 

that at tube poeitions of 50 cm or greater, in a "dovnstream" sense, that good 
first order kinetic plots vere obtained for the decay of each exciton. Ekamples of 
these are given in Figures 8 and 9. These plots were corrected for reproducible 
"equipment varlatlcns", such as the enhanced( vs . apparent decay) tube regions 
shown in Figures 6 and 7 at about 35-50 cm. The regions vhere the discrepancies 
occurred coincided with entry, ports used for pressure measurements and other oper- 
ations. The plots of distance vs. I 082.0 ^atensity were analyzed in typical fashion 
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to give first order position rate constants, k, /cm. These vere temperature and 
-'eloclty dependent, hut more or less independent of pressure. They vere reminiscent 
of the types of rate constants determined hy Winer and Bayes by a different, chemical 
assay method. Values for c 0„ vere .OOU to .008/cm, vhile values for the more 

e ^ 

reactive ^ 0. vere .017 to . 0 L 2 . It vas found that each position rate constant k 

could be multiplied by the average gas velocity u, in cm/sec, to give a more univer- 
sally useful time- dependent rate constant, k, /cm. The rate constants obtained by 
this method for both excitons are enumerated in Tables Y. and VI. 

Each plot had an interesting region in vhich the reaction rate lav Vas rapidly 
changing. It averaged out to an order of about [l]^^*^, and the "early" part of 
the tube regime for each exciton displayed a region in vhich a second order reaction 
vas occiirring. This region vas in the first 25 cm of the tube. The next 25 cm 
vas one of mixed rate, and by the time 50 cm had been reached, the regular, first 
order rate lav vas observed. Figure 10 shovs a plot of early tube position vs 
^e second order behavior vas clear. These "early" tube effects vere consistent 
■with several possible causes; 

( 1 ) Laminar flow had not yet fully developed, so that s'urface-normal velocities 
vere rapidly changing and eddying caused by entrance effects was enhancing the 
rate. That on exact second order effect should restilt was puzzling. 

( 2 ) There were significant gas-gas deactivation reactions occurring in this 
regime of the flow epparat'us, where the species density was higher and enhance 
ment of a fwo-body reaction vas expected, as mi^t be a second order behavior 
for it. 

( 3 ) In this region of hi^er concentrations of undeexcited excitons, there vas 

a prei>ondcra:ice of atom— or exciton-filled surface sites, leading to surface 
"glutting", and causing an expected l/[l] rate dependence, as discussed on pp. 
lt-6. * 

This second order effect could be attenuated and even apparently removed by three 

techniques,: 

( 1 ) by increasing the tenperat-ure of the gas stream 

( 2 ) by decreasing the gas flov rate to near or below 100 cm'^/min(STP) 

( 3 ) by a combination of (l)*and (2) 
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The second order effect vas more or less independent of pressxire. This effect 

38 

s mentioned "by Bayes and Winer‘S , vho evaluated it in terms of gas-gas phase 
recombination. In order to test their hypothesis, we performed a series of 
experiments. First, in order to determine if any special entry effects were 
responsible for the behavior, we decided to see if the "early part" of the 
apparatiis was in aiqr flow-sense tinique. We calculated at what length 
surface or eddying effects should have been minimized, that is, vhen the 
boundary layer position for laminar flow had reached the midpoint of the 

X 

reaction tube. Since our Reynolds diameter numbers for different flows were 

in the range of 20 to 300, there vas no doubt that a rather early laminar 

flow would be obtained. We used the formula for boundary thickness , as 

3l» 

determined by Blasius and Schli toting : 

d (boundaiy layer thickness, ft.) = 5(viVu)l/2 
?re u was the average velccity and v vas the kinematic viscosity. It vas assianed 
that the viscosity of the e^sclt«aas vas similar to that of grotmd state Og. The 
length of tiibe 1, that ci-rras-pocds to the midpoint, vas set at the tube inner 
radius K = 2.305 cm, and thie eq?w.tion vas partially solved and rearranged to give: 

1 = (2.305)® u . .000026Tui> 

By changing the pressur«(ciifci3ty)and flow rate, a series of veQ.ues of ^ were obtained. 
These are displayed in Tablte? IT. The results indicated that while there was a small 
prelaminar regime in which the boundary layer was less than the tube radius, the 
values obtained for 1 were much smaller than the break point of 25-50 cm., being 
icore on the order of 0,2 to 2.55 cm. Laminar effects were essentially constant 
throTighout the tube regime. 

Since the second order or "early tube" effect vas diminished by both an increase 
temperature and a decrease in flow rate, ve assumed that it was due to a site- 
filling or adsorption change in that region. Melln and Madlx have discussed site 
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coverage as an explanation for lov energy accomodation diiring recombination and 
av--xcitation of oxygen, and their explanation is applicable here,^^ Ogryzlo^^ 
and Elias, and Winer and Bayes ^ , and Vallance-Jones and Harrison^^ have all shown 
gas-gas deactivation to be much too slow at exciton concentrations much below 

15 o 

3 X 10 molecules /cm , and ve were operating on the edge of this concentration 


regime. 

Enhancement Effect; 

When merctuy vapor was not present in the system, and 0-atoms were allowed 

t 

to pass into the detector tube, enhanced and non-first(or second) order intensity 

1 3 

was observed for both A Oo and E 0* emission. The rate of appearance of ad- 

g ^ u « 

ditional intensity' shoved a poor first order factor, and gave an approximate 
value of k of about O.lb. However, no adequate curve fitting expression could 
arrive at a profile similar to the intensity pattern observed, since much of 
+' ' change was taking place in the "early" part of the areaction apparatus. In euiy 

case, the rate of conversion of 0-atoms to excitons was at least five times faster 

3 1 

than the I 0- deactivation and 25 times faster than the A 0„ deactivation. We 
u 2 g 2 

are continuing to study this 0-atom enhancement effect. 

Calculation of Reaction Peactivation Coefficients, and : 

I I 

Following the analysis of Winer and Bayes, we calciilated and y^ values for 
the two excitons on glass surfaces. Since the reaction rates for tile surfaces were 
usi;nlly about 90/E of those of the pyrex system, they were assumed to give similar 
deactivation coefficients. Each shoved a temperature dependence similar to that dis- 
played by 0-atoa recombination coefficients on glass and metal sxirfaces( Figure 2.) 

The results arc displayed, when plotted as logj^Q Y* vs. 1/T^ in Figures 11 and 12, and 
were calculated from the time-dependent first order rate constants, k, /sec, by 
^ ^everting these Into the reaction rate velocity by multiplying them times a tuhe- 
characterlstic dimension, C, characteristic of the tiibe dimension unit area: 
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Since (cm/sec) ■ (kT/2»rm)l/2*Y'* and k^ (cm/sec) * k /sec* C(cm^/cin), then : 



These recoxabiimtion values, vere, as expected, about 10 times larger than the energy 

38 

accomodation and deexcitation values reported by Winer and Bajres. We m\ist avalt 
refinement of our technlq^ue and determination of P, the accomodation coefficient, 

X 

from our soon to be performed mlcrocalorlmetry measurements. These Independent measured 
values of 3. will allov us to predict, with confidence, the y, catalytic energy deex- - 
citation coefficients for eadi of the two excltons, and hence be able to predict their 
contributions to tile (and shuttle) heating. Values of the two reaction deexcltatlon 
coefficients, are given In Tables V. and VI., and plotted with 1/T °K x 10^ In Figures 
11 and 12. 


Variation of k^ ^ , and with Temperature: 

As might be expected from their great difference in electronic energy and struc- 
ture, the two excltons gave quite different teinperatiu'e rate constant behavior. 

When, the temperature of the Og stream was increased, only a small rate enhancement 

was observed for k., /cm, and a small, but larger, as expected increeise for k. , /sec 

A A 

ascribed to an increase in gas velocity. The small change in activation energy was 
calculated over 'a rather wide temperature range, 25 to 280 C, and was calculated using 
the Arrhenius I,avi 


V . S«j(10O0)(VT^) 


V 




or - C>.57)(Tg)-(Tl).logj^o(k^2/k^l) 

1000(Tg-T,.) 


The result vaa a vejy low energy for "^Ag Og deactivation of O. 3 U to 1.1 Kcal/mole, 

which indicatca that the reaction mechanism is not enhanced by kinetic energy, but 

is probably dowtnatod by an electronic parameter in the spin-forbidden reaction: 

S 


0, (V) (s) 
* s 


•- 0.(^1 ) (g) 
• 2 g 


Aj(apin) * +2j AH(Kcal/mole) =-22 
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Evidently the 8urfo.ee is not able to pirovide spin crossing for the system. 

3 3 

As ex 3 >ected for the spin-allowed conversion of E 0 to ground state, E 0_, we 

u w . g 

noted a much greater teB 5 >erature dependence for this process, with an energy of 

activation in the 6.7 to 8.6 Kcal/mole range. The reaction was so facile that the 
3 

Og intensity would fall to near zero at very short tube position when the ten^*- 
eratvire is raised only 100®C. In this deactivation process, which proceeds without 
spin change, the tile or pyrex surface need not interact electronically with the 
exciton, which can release its energy in a q.viite exothermic and spin-allowed reaction; 

Oo (^2 ) (b) — ► Oo ) (g) AJ = 0, AH = -103.2 Kcal/mole 

^ u * g 

We predict that when energy accomodation coefficients for each exciton are obtained, 
that the ^A 0^ state will have a very low value when compared with ^E 0_. Plots 

g 4. U <1 

of logj^Q( deactivation position-dependent or time-dependent rate constants) for the 
two excitons with change in temperature as l/T x 10^ are displayed in Figures 
■>3, iL, 15 and l6, and the data is arranged in Tables V and VI. 

Attempted Fynaluatlon of Oxyren Atom Recombination Rates by Pressure Difference; 
It was noted early on that the total gas pressure, when measured at the pump 
end of the reaction tube, or at a port 75 cm or about 3/U of the way down the tube, 
was about 13-15i^ lower than the value measured prior to gas entry into the reaction 
tube. It was suspected that this pressure drop was not a flow property, dealing 
with surface shear, end calculations shoved that this shear could amount to no more 
than 1% of the observed pressure drop. The pressure drop was then believed to be 
derived from recombination of oxygen at om s into excitons and/or groiind state Og 
over the distai^ce of the tfube. As expected, when 0-atoms were "scavenged" by the 
use of mercurj* vapor, no detectable pressure change was observed in the entire tube 
regime. The dix>p in pressure, then was due to the loss of one mole of gas by the 
reaction(s): 


1 Op (excitons A ground state) (g) An = -1 


fi 0 (.3P), (g) 
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The following prcBBure differential method and attendant rate law was worked out 
to test on the preosure drop data: 


Let the change in press\ire of the recombined oxygen at pos. x = ~2p^» where 

p^ is the difference in pressure between the oxygen atoms before recombination and 

P P 

their products, which are all 0« molecules, gro\md state or excitons. 0 - P_ = 0 (l) 

O X JL 

p p 

At tribe position 0, let the pressure of oxygen atoms be 0 » at position x, 0 » 

O . 

p 

and at the end of the tube, when all recombination has occured, 0^ = 0. 

P * 

Let Pj = the total pressure at any time or position; T^, initial total measrxred 

P P 

pressure; T , the pressure at emy tube distance x, cm; and T , the presstire 

X «» 

measured at the end of the tribe after all oxygen recombination has occurred. 


For a second-order recombination reaction: 


= recombination rate constant 


0 H 0^-^ ) 
o o x 


• 


or 


k„ ” 

R 




( 2 ) 


Since all production of recocijination from 0-atoms resrrlts in a drop of pressure equal 
to 1/2 


P P P 

T. ' To - “o 


(3) 


or 


^ p p . 

0 = 2( T - Tj 

O O 09 


(1^) 


Substituting (l) into (2): 


= kx 


(5) 


or 




o • O X 


x(2(^T -^T ))(2^T -2 *'t -2p ) 

O • Q flo X 

P P 

Row, sribstituting “ ^o ” affords the final expression: 


(^T -^T ) 

O X 


M^T -^T )(\ -^T ) 

O X •* 


kj, (T) 


( 6 ) 


It is clear that the pressure need only be measured at three positions to give a value 
•^'>r kg, at the tube entrance, exit, and at some measured point x. The ctirve generated 
from the various values which kg may assume is asyn^totic with the* vertical axis. Altho\;»^ 
we do not have t good value for kg at this time, we believe we can obtain one soon. 
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VI. Model Prodictions :ge Conclusions; 

Ihe RCO thermal protective tile system coatings catalyze oxygen atom recom- 
jination through e^juilibrium, fast formation of a chemisorbed, site-specific, non- 
contiguous atom coating, with gas surface energies in the range of 6-20 Kcal/mole., 
and an activation energy for recombination of about 20 Kcal/mole at typical shuttle 
conditions, low pressures and about 1500°K. The entropies of activation for the 
process are large and negative, indicative of a strongly adsorbed surface-catalyzed 
recombination reaction. Product molecules are released in an equilibrium control- 
led process, independent of the reaction rate, and 'give rise to ground state oxygen 

1 

as the major product. At leaat one experimeliti-vas consistent with the formation of 
3 

Og, on the tile-glass surface, and the intensity measurements indicated that 

a growth of of the concentration of this exciton was consistent with at least 

12% conversion of 0-atoms to it. This particular exciton, 0^, was found to 

rather rapidly dccxcite on tile surfaces, with a first-order rate constant of 

'bout .017-, fi®’® velocities in the 300-it00 cm/sec range. The eheegy of 

activation for tliis process was found to be about 7-8 Kcal/mole . The other 

exciton, not deexcited as rapidly by the tiles, with a first-order 

S' 

rate decay conct:uit of about .006 /cm at gas velocities in the 100—600 cm/sec 
range at near ;Kn‘>w temperature. There was only a small activation energy for the 
process, of 0.3^ to 1.0 Kcal/mole, indicating that the^ glass or surface tile 


8 


deexcitatioa jr\?^tlvua does not involve strong ordering or bond formation. That A 

1 

Og is only slowly deactivated on the tiles is consistent with the fact that any 

1 3 

reaction involving a change in spin, as from A Og to Z Op, in the ground state, 

8 ^ g — 


must transfer aj'in to a third body. Evidently the tile-"*. A Op interaction is one 
in which such a, spin transfer does not take place readily. 

The most thiei'esting result obtained was the change in order for each of the 
leexcitation rcaolions, from second order to first order. Since the process was 
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foimd to be diminished at low pressure, higher temperature, and lower flow rate, 
it was assumed to be due to a site-coverage effect discussed in the mechanism. 

But other postulntes, including non-laminar flow in the early reactor tube, gas- 
gas recombination or deexcitation, and an unusual tube regime in the first or 
early part of the tube could also explain this result. 

It is yet to early to predict what fraction of the deexcitation energy or 
recombination energy leading to excitons is actmlly accepted by the tile sxir- 
face and results in heating. These evaluations must await our soon-to-be-performed 
calorimetric studies. But, following Ogryzlo's observation that oxygen p-toms 

t 

recombine to produce about k-12% ^2 ^ comparable amount of \ ^ Og, obviously 

only a small fraction of the total recombination energy is converted into exciton 
electronic encrg^s However, with the low deexcitation rates on glass and the RCG 
tile surface, coupled with the very modest rate enhancements expected for processes 
of such low energy of activation, there is good evidence, that once formed, oxygen 
excitons can cju'ry a fraction of recombination energy away from the tile surface. 

In addition, at tlie higher temperatures characteristic of Shuttle reentry condi- 
tions, it is expected that the higher lying electronic states might be initially 
be more highly populated, and will also include significant contributions from 
vibrational tmd rotational states. One intriguing possibility remaining to be 
explored is the possibility of defining the populations of higher lying vibrationally, 
rotationally, and electronically excited oxygen states. Even more importantly, 
a study of the encrgi' partition of excited species produced from nitrogen, the 
major component of the atmosphere, and with the larger share of the recombination 
energy to be accomoidated, could give fruitful results. Nitrogen excitons in 
hi^er lying electronic eind vibrationally excited states have been detected, and 
have been found tv> have significant radiative lifetimes. * We had proposed 


future experiment© addressing these problems in an unsolicited proposal to NASA, 
and hope to be able to study them. These new experiments, coupled with our on- 
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going excited oxygen vork, including our upcoming calorimentidc studies, will 
expand our growing recombination model, and will allow us to more closely define 
the heat flux iinimct of excited species, which are produced by or deexcited by 
siirface reactions on the Orbiter Tre tile materials. 
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IX. Nomenclature; 


c area-dependent proportionality constant 

Ea energy of activation, Kcal/mole 

h Planck's constant 

AH enthalpy of reaction, Kcal/mole 

I emission intensity, arbitrary units 

Boltzmann's constant 

k first order reaction rate constant 

K equllibritim constant, surface adsorption-desorption 

An change in number of moles 

0 oxygen atoms 

P Pressure , atm. 

Q Energy' difference between ground state and exciton state, Kcal/ mole 

B radius of reaction tube, cm. 

RCG reaction cxired glass , 

Be Rcnolds number, diameter 
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Nomencaltxire t ( coot . ) 

S silicate sTirface site 

Sa entropy of activation, cal. /deg. 

o 

T Temperature, K 

TPS Thermal Protective System 

u bulk-average linear gas flow rate, cm/sec 

V root mean square gas molecular velocity, cm/sec 

3 

V gas volume flow rate, cm /sec 

2 

[ 3 concentration, moles/cm 

B energy accomodation coefficient 

recombination coefficient 

2 

r molar site stirface coverage, moles/cm 

A delta oxygen electronic state 

K first order rate constant, /sec 

u kinematic viscosity, Ib^^/ft-sec 

3 

p density, g/cm 

X adsorption "sticking" time, sec 

Subscripts; 

1,2,3.*.« characteristic of reaction 1,2,3.... 
a adsorption 

b Boltzmann 

D deactivation 

eq equilibrixaa 

g gas state 

0 sero (initial) tube position 

0 oxj'grn atcsa 

Og oxygen molecule 

B 


recombination 
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Subscripts; (cont. ) 

s surface species 

T total 


X 

* 


W 


tile( reaction ctired glass coated) 
vall(pyrex tube) 
tube position, cm, 
end( infinity) tube position 
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Figure 1. Reaction Profile vs. Energy Consistent with Observed Energetics for 
Oxygen Atom Recanbination. 


^ [transition complex], S 0 0, lower B (a) 


Energy 



Step I, 


Step II. (a or b) 


Step III. 









Figure 3. Apparatus for Production and Detection of Exc.wed Oxygen Species. 
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• Figure 3. Lcpond. 


1. Oxygen Cylinder 

2. Oxygen Regulator 

3. Precooling Bath 

4. Flow Stopcock 

5. Gas Flowmeter 

6. SJ Clamps 

7. Utility Rack 

8. Microwave Discharge Region 

9. Microwave Tuning Cavity 

10. Quartz Discharge Tube 

11. Microwave Backmeter 

12. Coaxial Cable 

13. Microwave Power Source 
ll^. Li^t Traps 

15. NOg Reservoir 

16. In-line Condenser 

17. Oven Power Controls 

18. Reactor /Detect or Tube 

19. Pressure/Detector Ports 

Figure U. Complete Assigned Visible and 


20. PressTore/Vacuum Gauge 

21. Dewar Flask 

22. Post -cooling Trap 

23. Vacuum Pump of Capacity 500 liters /min. 
2U. Photomultiplier Tube Car or Carriage 

25. Photomultiplier Tube Power Supply 

26. Oven for Reactor/Detector 

27. Oven Circulating Fan Motor 

28. Photomxxltiplier Tubes & Filters 

29 . Stepped Chain Track 

30 . Stepping Motor 

31 . Stepping Motor Control Box 

32 . Stripchart Recorder 

33 . Apple II Plus U8K Microcomputer 

34. Disk Drive & Diskette i 
. 35. CRT (color) 

36 . Printer 

37 . Digital Thermal Analyzer 

38 . Oven Thermoregulator 


Near-visible Oxygen Emission Spectiam. 
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Laminar Flow Profile Assumed for Empty Reaction Tube (a); Tile-i 
Filled Tube(l>); and Normalized Tile Filled Tube(c). 
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Figure 8. Variation in log I with Tube Position,, x cm. Note Data Break Point 
near 50 cm.. Measurement for 63^0 angstrom 0„ "pink glow". 

e ^ 



tube position, x 






Figure 9 » 


Variation in log I with Tuhe Position, x cm. Note Data Break Point 

in I4O-5O cm. Range, ^easvirement for ”green glow”. 

u 



tube position, x 












Figure 10. 


Variation of "green glow" Intensil^, l/I , with Early Tube 
Position X. ^ * 
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Figure 11. Variation in log^^ y'^ with 1/T, Temperatxire in °Kelvin. 
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Figure 12, Variation in logj ^0 Yj. vith 1/T, Ten 5 )eratxire in °Kelvin. 
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Figure lU, Variation in k,'/sec, 0_(pink glow), with l/T, °Kelvin. 
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Figiire 15. Variation in k , /cin, (green glow), with 1/T, °Kelvin: 
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Figure l6. 


Variation in k,/sec. 


(green glow), with 1/T, °Kelvin. 
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Table I. Some Properties of Excited Oxygen Molecules 4 Atoms. 
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Table II. Typical Experimental Oxygen Flow Stream Parometers. 
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Entropies and Energies of Activation. 
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Toble IV. Variation In End Position of Tube Entrance Ef 
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Table V. Vorlatlon In K, K, ond owlth Temperature. 
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1. INTRODUCTION 

At present the primary means for rejecting heat from orbiting spacecraft 
is through a space radiator system composed of fluid loops which circulate 
fluid through radiator panels rejecting heat to the space environment. The 
current system uses a mechanically pumped coolant circuit to transfer heat 
throughout the radiating surface. This results in a system whose long 
mission reliability is low and which is vulnerable to complete failure due 
to penetration by a single meteoroid. Reliability can be increased through 
the use of redundant plumbing, pumping, and valving hardware. However, this 
causes a large increase in system weight. There is a need for significant 
technical improvements in the develofxnent of a long life heat-rejection system, 
suitable for long duration high power missions, that can be constructed and 
deployed on orbit. 

One solution to this problem is the development of a large modular 
radiator system that can be assembled on orbit from a number of standard 
components. This space-constructable radiator system would fulfill the needs 
and demands of large long-lived heat rejection systems and would allow 
systems to be built up to any desired heat load capability. 

The key component of this concept is an innovative, high-capacity, 
dual-passage heat pipe design. This heat pipe with radiator fins attached 
would be "plugged in" to contact heat exchangers providing heat removal 
from a centralized heat transport loop. This type of system would be 
insensitive to complete failure due to micrometeoroid puncture, with the 
puncture of any single heat pipe resulting in only the loss of that module's 
2-kilowatt capacity. The damaged segments could be removed by the Orbiter 
and replaced or repaired as necessary. 



The basic design of this improved high-performance dual -passage, heat- 
pipe consists of two large axial channels, one for vapor flow and another 
for liquid flow (see figure 1). These two channels are separated by a small 
"monogroove" slot which creates a high capillary pressure difference and 
causes liquid to be pumped from the liquid channel to the circumferential 
grooves in the vapor channel. This configuration permits the axial transport 
and radial heat-transfer phases to be handled independently resulting in 
high axial heat-transport capability. 

The initial effort in the development of this heat pipe has been concen- 
trated on a feasibility demonstration of the dual -passage concept. Presently, 
a limited amount of investigation is being done on the priming capabilities 
and behavioral characteristics of the liquid-vapor interface configuration 
during subjection to a zero-g environment. Knowledge of the static and 
dynamic behavior of this liquid vapor interface is necessary to answer ques- 
tions involving time to prime both initially and after dryout and the effects 
of sudden accelerations on fluid configuration and liquid vapor interfaces. 



Figure 1 


ORIGINAL PAGE IS 
OF POOR QUALITY 



2. OBJECTIVES 

The specific objectives of the Summer Research Program as discussed at 
the outset were: 

1. Determine if the Grumman monogroove heat pipe design would in fact 
prime as required for proper operation in a zero-g environment 
regardless of its initial orientation with the gravitational field 
encountered prior to entrance into zero-g. 

2. Develop a mathematical model to determine the time necessary for 
priming in zero-g. 

3. Design an experiment to demonstrate proper priming in a zero-g 
environment. 

These objectives are fairly independent and as such are addressed 
individually in the following text. 



3. ANALYSIS 

3.1 Background 

The capillary head in a saturated heat pipe wick arises as a dynamic 
phenomenon. It is due to the existence of a pressure difference across a 
curved liquid-vapor interface. 

Capillary pressure can be defined as 
(3.1) Pc = Py - Pi 

or from the Laplace and Young equation 

< 5 - 2 ) ^ 

where R-j and R 2 are the principle radii of curvature of the meniscus 
and a is the surface tension of the liquid. 

This pressure difference, which for concave menisci results in a 
depression of the liquid pressure with respect to the vapor, exists all 
along the heat pipe wick. In order to obtain a net capillary head, it is 
necessary for it to be greater at the evaporator than at the condenser. In 
a heat pipe under load, this is exactly what occurs due to changes in the 
interface curvatures. Vaporization of the liquid in the evaporator causes 
the menisci to recede into the wick resulting in a decrease in radii of 
curvature while condensation in the condenser has the opposite effect. 
Therefore, the capillary pressure is not constant. Capillary pumping is 
a passive phenomenon which automatically adjusts to meet the flow 


requirements. 

For a hemispherical surface the forces acting around the surface 
Fc = 2nRo must balance the pressure acting across the surface Fs = ttR^aP. 


This yields 



= 2o/R 




For capillary rise in a tube of circular cross-section (see figure 2). 


^Pc ~ P9^ “ 2ocos0 p 


or in a zero-g environment 

for a single cylinder of radius r with surface tension 0 


(3.3) APr = 2ocos0 i 

V. 



Figure 2 



3.2 Minimization of Free Surface Energy 

Investigations of capillary and zero-g behavior have suggested that 
the sol Id-1 Iquid-vapor system will tend to assume a condition of minimum 
free surface energy when removed from a gravitational field. Experiments 
involving drop tower zero-g simulations have attempted to confirm this. 

In all cases the liquid-vapor surface tended toward a configuration in which 
the total energy of the system was at a minimum. If the Grumman monogroove 
heat pipe is analyzed by minimizing the free surface energy in the liquid and 
vapor channels we can arrive at the theoretical geometric configuration 
that the liquid-vapor interface would assume in a zero-g environment. 



The free surface energy can be equated as 

AS = (Force) (ADistance) 
or 

(3.4) AS * 2 cose y I (2 tt) (r + Ar) (L) (Ar) 

Since an increase in as results in a decrease in AS 

_J 

R + AR 


(3.5) AS » -2 cose 


(2tt) (R + ar) (L) (aR) 



Equating Av = aV yields 

(3.6) f2 - (r + Ar)2 = (R + aR)2 - r 2 
or 

(3.7) aR * 

Adding equations (3.4) and (3.5) and substituting (3.7) 

(3.8) AS + AS = -4oTTLcos0(Ar- - ^^— ) 

(3.9) or 

AS + AS = -4cnrLcos0(l-r/R) 

where As and AS represent the free surface energy of the liquid and 
vapor channels respectively. 

The premise that the liquid-vapor system will seek a configuration 
of minimum total surface energy requires that the sum of the energy changes 
AS + AS, be negative or zero. This condition will be met with the above 
equation (3.9) if the product of (L, o, cos0 and (1-r/R) is positive. Thus, 
for a wetting fluid (cos0 is positive) the liquid will move into the liquid 
channel if r < R and move out of the channel when r > R. When r = R the 
fluid will be at an equilibrium state. 



3.3 Calculation of Priming Time 

Presented herein are two mathematical models which describe the 
priming phenomenon of the Grumman monogroove heat pipe design. Both 
methods are accompanied by a computer run, comparing the height of the 
fluid in both the liquid and vapor passages vs. time. 

The first method is a simplified approach which equates the system with 
two parallel capillary tubes of different diameters drawing fluid from a 
common reservoir. The second method presented, which is similar to work 
done by Grumman, is a more complex approach and reflects the decreasing 
cross-sectional area in the monogroove through which the fluid passes 
from the vapor to the liquid passage. 

Although the two methods differ in some ways they both assume fully 
developed flow and the principle of minimization of free surface energy. 

Vapor passage 



A-A 


Figure 4 


3.3.1 Method I 

Initially, the fluid levels are not the same but vary directly 
with the diameter (see figure 4). 
in one-q 

APy = Cghy = 2ocos©i^ aP-| = fgh-j = 2ocos0p^ 

and the net capillary height difference 

(1) 4 he = h, - h, =|| (7^- 77) 

in zero-g 

APv = 2ocose]r- 4Pi = 2ocoseJ— 

V ry ' ”1 

and the net capillary pressure difference 

(2) APc = 2OCOS0 
Calculation of Initial Charge 

Initial charge = (Liquid in Liquid Channel) + (Liquid in Monogroove) 

+ (Liquid to Fill Wall 
Groove) 

Mic = At ht + A„, ht + {# Threads per inch) ht 

Rearranging and taking into account % charge 

(3) Mjc = C ht(Ai + A(n + (Awg)(TPl)(2Trry)) 
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Figure 5 


Computation of initial height of liquid in both the liquid and vapor 
channel . 

Ah = funct. (angle the longitudinal axis makes with the 
gravitational field (a); and difference in 
capillary height Ah^) 

Ah due to tilt 

(4) (hi - hv)tii|. = (ry +6 + n) tana 
Ah(- due to capillary head 

from 0) (hi - h,),. 

4htotal = ^^tilt * 

%otal = ('"V + « + n) tan a + ^ 

(5a) or hy = hi - (ry + 6 + ri) tan + ~ (]- - 

g ri Ty 

(6) Hjq = (hi(Trri2) + hy(Mry2)) 

combining (5) and (6) and rearranging 



(7) h, = (M + Ahtotal 

(8) hr = ht - h. 


Assuming viscous flow pressure drop and fully developed flow in the 
liquid channel. 

From the Poiseville equation for pipe flow 

<S) * • HI = 

rearranging and integrating 




2ocos0 - 


1_ 

^v 


) dt 


(10) . = 2ocos0 t 

or 

(„) t = — 

n^o COS0 (- - -) 

-tUa) t » ''v 

ri ocos0(ry - ri) 
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3.3.2 Method II 


The liquid must flow from the vapor passage to the liquid passage 
through the monogroove slot at a rate 


dm = vf 



Assume fully developed flow In the liquid channel 


P„(h,) - P„th,) = i (fNR) (h, - h,) « 

from the Laplace and Young equation 

AP = o (1_ _ JL) 
n ry' 

Plvth,) - Pi,(hi) = 2 o (^- L) 
combining (3) - (2) 

Piv(hv) - P,,(h„) = 2 “ - 77) - f (fUR) ^ (hi - h,) 

if the pressure difference between the liquid and vapor passages varies 
linearly from 0 to hy 


(5) 

P]v(h) - 

Pl](h) = [Pi,(hv) - P„(h,)] (^) 

"r 


integrate [1] over 0 £ h £ hy 

(6) 

.S - 2 . 
in ny 

f « /f /P,,(h) - P„(h) 

or 



(7) 

PlvO>v) - 

Pll(h,) 


I f wP{h,)2 


Now equating (7) and (4) and rearranging 


( 2 ) 


(3) 



(8) 


(9) 


( 10 ) 


(11) 


02) 

(13) 


0 = m 


02 


32 


+ ir (fN^) y v2(hi-hy) m - 


2 


\ri^ ( 


Dl 




2b 


Eq (8) can be regarded as a quadratic equation in m {with instantaneous 
quasi-steady flow) and 

m = -b + y/ b2-c 

In a fully charged pipe with C = 5» overcharge and approximating full 
charge as that amount needed to fill the liquid channel. 

CM = A-|h^ C = A-jh] + Avhy 
which rearranges to 

hy = ^^t~ ( ^^1 ~jily ). where At = A-j + Ay 

At/Al 

since 

iS = -PA, ^ 

' dt 

m =^^AvAi d(hi-hy) = ^ 

~AF‘ dt dt 

where 

6 = : If = r Ml ht 

H At 


then 

h, -Ml (c-e) 

At 

hi - hy = ht 3 

(14) b = -c I ir (fNR) yo)2 3 g jc-e)2 = a3(f-3)2 

At2 


C-[^ aPC^l^)^ ’V^HC-3)2 = 6(C-3)2 



Equation (9) becomes 


,41- = . ae(C-6)2 + [a2 6?(C-s)"+5(C.B)2]'s 
ut 

( 15 ) _L -H- = -p(c-B)2+(c-e)[e2(c-B)2+(4)]^ 

a dt 

with an overcharge of zero or C = 1 

->■ 0 as B -*■ 1 
dt 



Computer programs for both Method I and Method II have been developed. 
Program listings are shown in Appendix Band Appendix C, respectively. These 
programs compute the time to prime and plot the liquid height in both the 
liquid and vapor passages vs. the time. 

Test runs of both models were made using the following input parameters: 


Length of Pipe 

60" 

Diameter of Vapor Passage 

0.5270" 

Diameter of Liquid Passage 

0.3050" 

Width of Monogroove 

0.01 00" 

Depth of Monogroove 

0.0500" 

Initial Charge 

120% 

Angle with Respect to Gravity 

0.0 degrees 

Surface Tension 

1.43 X 10-3 ib/ft 

Density 

1.1810 sl/ft3 

Viscosity 

2.87 X 10-6 sl/ft-s. 


A five-foot test length was selected since that is the length 
originally selected for the zero-g flight test described in Section 4. 

Figure 6 shows a comparison of heights of the liquid and the vapor 
passages at various times as calculated by the two methods. These values 
show a close correlation for total priming time but vary significantly at 
intermediate points. This discrepancy can be attributed to the difference 
in the two methods. The second method considers the decrease in cross 
sectional flow area between the liquid and vapor passages. Naturally as 
the fluid level in the vapor passage falls this area or liquid interface 
decreases causing an increased flow velocity through a decreasing area. 

The first method does not consider this but takes into account the positive 
pressure rise in the vapor channel and monogroove which decreases the overall 
pressure rise in the liquid channel. 
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The anticipated results of the actual flight test are discussed in 
Section 4.4. Briefly however, it is anticipated that the models are accu- 
rate in their overall time to prime prediction with the intermediate times 
occurring at some point within the region resulting from the lack of coinci- 
dence of the paths plotted by the two methods {see figure 6). Tables 1 
and 2 list the intermediate values of h] and hy. 



Figure 6 - Comparative Results of 
Method I and Method II 
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4. TEST PROGRAM 

4.1 Test Objectives 

I. Demonstrate that priming will occur in a zero-g environment. 

a) Determine the effect of various initial liquid orientations 
on priming capability. 

\ 

b) Confirm expectations of proper priming of the liquid passage. 

II. Provide data for correlation of the mathematical model. 



4.2 Test Description 

Three heat pipe elements will be tested in a zero-g environment 
representative of that experienced in low earth orbit. Various initial 
test positions will be evaluated to determine the effect of liquid loca- 
tion in the heat pipe upon entry to a zero-g environment. In addition, 

data on the reprime characteristics in the event localized dryout does 

/ 

occur can be obtained. 

The basic heat pipe design dimensions are a function of the type 
of fluid and amount of heat to be transported. In this particular test 
since the primary investigation involves capillary pumping and priming 
actions both static and dynamic, there are no plans for any data involving 
heat transport or heat rejection capabilities. 

4.3 Test Setup 

Three separate test articles will be prepared; Test Article #1 and 
Test Article #2 will both be two-foot sections of the Grumman monogroove 
heat pipe design. TAl will be machined lengthwise (see figure 7) main- 
taining the monogroove width of 0.0100". 

TA2 will also be machined lengthwise but in this case only enough 
material will be removed so that a gap approximately 1/2" in width and running 
the full length of the test article vapor passage will be achieved (see 
figure 8). The machined surfaces on both TAl and TA2 will bp covered with 
a plexiglass sheet which will enclose the- liquid and vapor channels. The pipes 
should then be charged and capped. 

TA3 will consist of a two inch long section of the Grumman mono- 
groove heat pipe charged and capped on both ends with plexiglass. It 
may prove necessary to use a coloring agent on the fluid in the heat pipes 
in order that the fluid will be more easily distinguished from the vapor 


space. 





Figure 9 - Test Article # 3 (TA3) 

Figure 11 shows the method for providing a seal between the heat 
pipes and the plexiglass covers for all three test articles. It should 
be noted that the groove in which the heat pipes rest should be ^.005" 
less than the heat pipe itself in order to provide a positive seal. A 
brief stress analysis was run using the configuration shown and a deflection 
of approximately 0.008" will occur in the vicinity of the monogroove. This 
small additional width of the monogroove should prove insignificant when 
determining the priming tendency but may affect the time to prime 
characteristics. 



FIGURE 11 
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FIGURE 12 TEST APPARATUS 
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APPENDIX A 


NOMENCLATURE 


SYMBOLS 

A AREA 

C % OF CHARGE 

F FORCE 

g ACCELERATION OF GRAVITY 
h HEIGHT 

m MASS FLOW RATE 

M MASS OF CHARGE 

P PRESSURE 

Q HEAT TRANSFER 

r RADIUS 

R ■ RADIUS OF CURVATURE 
V VELOCITY 


c 

T 

1 

m 

r 

t 

V 


a ANGLE BETWEEN LONGITUDINAL AXIS 

fi DEPTH OF MONOGROOVE 

w WIDTH OF MONOGROOVE 

DENSITY 

o SURFACE TENSION 

y VISCOSITY 

e WETTING ANGLE 


SUBSCRIPTS 

CAPILLARY 

INITIAL CHARGE 

LIQUID 

MONOGROOVE 

RISE 

TOTAL 

VAPOR 


AND GRAVITY FIELD 
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mu 

llAU 

1 > !i<J 

I I I <> 
1170 

ll>iO 

1 isjo 

l 2‘)0 

i« ;i o 
1220 


123 *J 

12 A 5 J 

lO'^ ' 
Ic. 


L:>inOi-R1 a Yij a^, <a.l*) J 
t;i inui 1<1 A l»'j A^, 3 

Rl A »U A<t , 

CUNUl-fU A TO A^, t -#**<*. > 

A TIJ A*Xj 

UUNUUTT A TT.i A-t, 

pi.ui<\,,c> : ru»Ki3,,fi> 

f-'LU» < ”• bN< A-C O, U.> Z A » 

npxi 1 : Puv»T<,,w> 

f'LUK, ,W> 

f’i.Ul<-3*'0,0,U> : A=S3 
I-IW .1=1 lO llku 1 

iP AuyiAi >» loou. 1250 : 

IF Alii>»A» >« HI. TUFJ^ 12 ?0 Z 
jP A •» O. H5f_N 1230 

uuNVuin A TU A«, !#.#> : 
i;Ur 4 UfRl A TO A*, . GOlU 1 ^^ 

CONOIKT A TTT AT, Z G.HU 

CUNVCRT a T\> at, ) . OuriJ It :)0 


GCUU 1170 
• GO«U 11 70 
Z GOTO 1170 
: GOT O 11 70 
; GOTO 1170 
Z GOlO 11 fO 
- Pl.OK,,AT> Z 

A -1 F<2 ; F'LOKScTOjOjUX 


)F A0O<A) >= lOO. THEN 1200 
IF AB'J(A) >=i 1HFN 12BO Z 



ORIGINAL PAGE IS 
OF POOR QUALITY 


'O <:iirjvrr<T A TU A«t, : GDiti 

->» ri.M-jvt RT A nj A<c, ; tiuiU 

I'l-ijKi 5 ,(;>,<» y, ,A7>,<.-LLN(A?r>)*at>,o,u> ; a = a ^ ga : 

I-LUI 

I : RiA<»rw<«i,LV>0,U>j <, ,R> 

\:<n) UTJ V ti'.Jin i.jAO, 1 y£h.», jitiO, uviti 

i-w-o u (.=,.« iiiPN ; IF t>*j iiiGn u=i; : S*l : 

MH? 1=1 lu : HLni<2<xi/«, ,u>,0'<,s*a<.w,D> : b--s : 

I : PUD! <,5,10 

133‘J B-1 : HJR 1=1 Jfi : PU:iT<5iXX)/G,U.>,Ul<S-»£.'00, ,D> : 

B=- y : NTxi 1 : i*uoi<,,R> 

1^«J LIW UP GU»0 J3'~>U, J y*.-©, 13/0 

,HFXtl > > ; GUlU J3SO 
»'I UK J »«(?«.•> > ! GUlU lu^lu 
1 -i'/o pi.l t 1< , , HF X 0-' ill > 

PCM JUtN rCiINTU £1Y A LINF. 

13£K.» MUUK,,H> 

tut.Mj If / s 1 TiCN lAf,jy 

lAio j-tjH 1 * 1 lu L 

jf. i>i iHSsi !<»;«> : f^LUlDK n < 3 )/Ul, ,LI>: PI O I Df?<,Tc;( 3 )/D^,U> 
: Gyn;« jam) 

ife;:*:) fi.UK 1 1« 1 )• 1 u I 'j J-it-M i-i>,D> 

J4IAO NT- XI I • P(.UT<,,M> 

IV. M Ai>’3 AXUG LAMFLB 

lAtJt.) If I.; > I TiCN l?rf.jO 

1 o Lw ui Gi;nu j AWo, lAyOjibOO 

I •> I'clM < . , I H-.> I Cl ) > : GUI IJ I&IU 
1- f’LUK, ,lf>lC:iJ» > : GUlU 3B1U 
1 iyX> PLU K , , I ^F.x < C. I > > S GUlU 1510 

1510 Li‘=!..t.N( X>«;» t I.a-.|.LN< Xc!«> ; L5-LLN< Vl^) : l.&=l.t:.N< Yti«) 
it-?o »A.i.iif.n< u>i'*^.A><'‘/P-i-i‘*^i3)/ui , ,u>, <, -po, xi«>: Pi.UK, ,r<> 
i 5 ix.i Hu.in.'K<uii*C'Vi/t‘*uA-fti3)/in, ,u>,<, -lao, xais>: pi xo <, , r> 
ibAu pLUKi , ,c>, '■) s,g>,dp<, (ua^aoo/a+LS^iBi/uajUx, <-ppti, , yi t> 

1 5 W *'i , 1 1 1 1 V'< s 1 1 » / «.m Lt.<f 1 5 ) /UP, U> , <-P00, , YP¥> , <,,K>,<33,,R> 

1KEX> PC.M ADO A KXY 

15/0 1C 0=1 ll<^ KC--LIGUJI) HFIGHT" : 
jF C=ti‘ U^N UCt-VAPlw KIIGUT** 

1£^<1.» tc =•• ■ 

IB'CSJ in C = GS «t KSi 

ItJKX I't.l.llflKt^OsOjlU 
1«:.1U r'i.UlU-'^OjtXKljuX 

1-IN U;.* GUlU 10>AO, 1G»0 

^i-.-so IM.IIK , ,Hf X lO 1 ' S GUlU ltX>0 
li-uux IM UK, ,HF-.x lO'l > I GUlU 3GM3 
1050 PiJiK, ,l-ff-.x<Ciu> ; GUlU lfXM3 
1K:U PL.UKPvI, • IvKl U- 1 )<tlW,KliT> Z PIDK,,R> 

1070 c=cn ; ir utfN tmO 

l‘.<«0 XK.! : print -IFAT PJI’E ANALYBlti Cl.if^PLETF" : ’ LND 

li..^7 kCm — O iV IMP AJ £<lwl X VALMEti IN INCRCABlNG 

l>Vp(?R aimO find I met max X ANTi Y VALUEU 

I > KGM I'iXr IN INCKCAUIN*^ X 



ORIGINAL PAGE IS 
OF POOR QUALITY 


JO 

t'O l-'JH J * 1 1 u « 

■1 .11 = J + \ 

^ /uij f i.iw I » ji ru i_ 

ir <’ Ml) then 1790 

1 7«) II = M J I : 1 ti* * Y < J ) 

1770 X(J) » Mil : Y(j) = Y(I) 

Ml) » r\ ; Y<u » 1£: 

X7-JO 1 

n<oo N't,* I .J 

XttiO I/Em I he max and min VAUE UK X AND Y 

IX.- M IP c > I TiCTn 

LJ = MAXIXC)) : i>l a x<l> 

1U'*0 \_ri = IVAXIVOI : = MAXtYO) 

I8f^) M.H/ I = 1 10 U : IF Y<1> < S3 IHEN S3 = Y(I) : fiffLXr I 

1U‘:»0 


l\S/0 |7“H SuQOuuT-TNP. lU LOAD AXES LIMITS AND KLOl SI/L 

IX070 P'.KsiFi 7AO • r.^iNTtlSlNC; IKiiO, E») , 11 , ti3, L2 
IXTiH) Zi'ON X VALUA.»- »***»<*.#»«» MAX X VALUE*--#**##. ### 

mlN V vai..LE«- fc******,### MAX V VALUE* -#***»#.### 

XKiNl -NUIC: MAXIMI.IM X AXIS HUfU/.ONTAL LENGTH IS lEIN, 
SianQaRU I.ENGIH IS KUN. * 


1910 jnPhI *x AxiO I tNG TH (WULK. INCHES) ■* ,U1 : 



1 NOi Jl 

• V AX 1 ! 

J U.NGTfi <WHH.L JNChT.S>-,D2 

19iO 

INPtjl 

“ENTi, 1? 

NlN 

X 

AXIS 

VAI UE 

DtS.IRED",Sr:, : 


1 NPul 

•UNTl-.R 

NAX 

X 

AXIS 

VA! UE 

r>SIREO“,Lb 

JD 

J fvP.jT 

••UNTPR 

^!lN 

V 

AX IS 

VAI..UE 

DfcSlRED-.St. : 


INPtjT 

-LNTuR 

MAX 

Y 

AXIS 

VALUE 

DtSiREO“,Lfe. 


IVIAO EV.-.aAHSMS9-LS> ^l.»l ) : bA=ABS< <SH-LCj)/L>£>) 
lytX) mV irjlLiSlN*; l‘5«vo, Sa,SA 
ISbO XVI.M.W X AXIS MNITS/lN<>f ARE ##****.## 
v._iiX< Y AXIS UNITS/ INCH ARE #*H*#.## 
ly/O .INPUT '|VP»r I U.t CONTINUE MJTH HRUCRAM , 
IVPG O lU CHANGf- AHOOE VAl.UES‘*,Q : 
LIN ti GUlU 1S>!0, 11070 : GOlU 1970 
ISSO S1='^:S : L1*L'» : S3*£X;. : LH*LS 
•IS-M) i.P =Ai:s( isi -Ll I /Ul > : S4=ABS( (S.rl-L.ci>/Uia> 
oi K'iO U‘~ Tijan 



APPENDIX C 
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T w rrr- 


i-: > w -f- 

- / i v/P" 


•ri 


WJ 


“HT 

HPAT AMAI.V!.:I^S HP^i W.-'K’AM 

J!J!„Y 1 ’:^Oi 


V^AmA^t• I- I. If; I • 


I II til >v»ar.nr WTsWuapor' 

CV^«.| I| . .-.m <1 IVc'=W I, 1 fju-i <1 

nmn « c+i?n < 1 , < U 


1 'lc.ftikr. Tl% 

I nn» 
l-jHB.Nl 1 <JM1 «} 
1 «t 

7 1 aa I rk)-«,i« 
l-cf Nr 


g‘ 

M<-.=Huar\or 

■jO=+t^-3V 

Z^s-naTTira 
CSV) =+ iTTie 


M-=r»u 

of s^onoor oov'e 

tAN.l».fi W/H Hi 


At =Au;^r>f>r 

A..'=A.I i <!llll ••) 

2=.isa, \ 

H=rho 

(ii=u«'t of T-.'ioogroovo 

f = ChAS'QA 


AS=Ato+al 
/"i~c!p J tA 
i.n+.Ofir a1 


•-ti li!.- M .iPOKU, 

H_VI 1 . = ,1 . p - A.<)*Af/(J1ANC l.OJ r tJ.l hCI U I 

i;* .1 ) -ft ) 

^ Mi i-w:r^i Hfxto-n ? l’HlN‘llJSI.N>- S KRltJT ? Rf-TlJf.’N 

1 V. 

HCA’I WlPf ANALVSlt-i 

> -!: I «.. ! ;n I'm ; hw'.NT •‘t-.N'^feP liffs HI a .) JIUHN*"; JMF-llWi^Al H.IN f*L.LAf;t.* 

• ^ I Nl 

i.Ar.) : NS ‘ ^ I J » AMf? I l»- S'AJ-’I.W CHArJMT-L, INCHtS"*,!*! ? 01=D1/1S Z 

=■ II /Sf 

*-s.'i if. s r ■* 1 1 1 AH>xr I Pk‘ (.a- i_ufjTD C*-ianN!P:!., INCfPi;'* , Z ; 

KS= — • /S' 

A) *- <-.y 1 • A. 'swftRc'trJ 

1 ir.- . -iijiAi Hil"- I NCHfT'r!*' 5 tiO : H0“H0/7ri 

•>1 ifS.:i ■'winTH la- Mva as^i a'lV.'P , I N> , H* S W'U.'/l*-' 

It’S 1 1 •'iv.piM I u- Ml w\» Ca/a , 1 iyi'> iH'ii;'' j r» • fj-iD/lcJ 

--'iVi Ai-=.-«-n 

--IJ1 if..-. . '<AM.:t H u. ilM HJ (iRAVIlV HIHLu, Lif-.C^A 

-•p-. i {.■«.-• S 1 H.) ; ,H>R||T “VNlllAI. CHAHSi*'." jC 

-^.1 ii.= .1 “inI)iai h jp^Ff-fjr L»- fjlMP'iifjN'b: f/L« >. > “ jLc? 

; j mRjNT <•! H3i |U» HiJAL n Hi-! ;* 

1 ir.S ii ‘'1^ iSwAi '► iPi\r^H»M (I. l«*<.'Tl.l V'Af'ijw ) ■• jfj 

-ft-ji ir.s.ii •• vlN* • 1^1 , W 

/n ir/O. T 'L»r-fvo^J T V* > K 

-S-l Ni r-o a-t 1 m • RC^I i^IAFSI «.'• IOiP’i JTA I J I'JNhi 


^■-Ml W;~M C'Al.tXtt Alfi 1 TMA 1MA» 

-!;'WI -VA,-* ; Ra\v> 

-r» ^1 /I /M-sH- -S^Afjt? 

•4-M AVa-'^/A«'-.)'OI «> 

J-Sii / -i- , 1 /L»r;-1/Dl > 

1 1 =-i • WtM ----- » (tolls IIH INTAs;t<Al_ 

W-M 11^ v.iOiPwJIN'S Rl.< f. 

-w I N' I H I » \ / I M ■ - VS 1 * C ■/ 1 / 2? > ♦ I S<>R s s < c-w ) > ZT</ Z 1 f r? ) “ 

B-*-< f-_|j i % % 

-'Vf I c;« is.a .<1 V K t 

. i B=f I • I ( 1 ) B ) A 

v-i.*v i=ti n.i HUt 

iaiHi u-M — r>*-rw*-MPN'i I irtfr and i if.RaiC 

« I I -t.1 )Bt 1 1 i-to/ini't 

A- HS a ♦ 10/HX) 



ORlGss^AL PAGE IS 
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i . wcw - CAi ri u Airr (.ifTKiHi j i. uji.ilD AND 

wi->( ! » s + 

AW I 1 <r«t !» 1 ) ) /A1 ) 

U.WI 1-.=! i-fcWI 
A fi \ t»|P nil 

ako wt-rn I i imp wLriA • m riMij nj !iLA!-'£-it-D F.i!*iE 

A'-«» J-l.trrf !=■» Ml 100 . 

W K I i ( I • = lO- M I > 

NP» I I 


WItM HRIMT If it. ly 

w-'rf) hkinT : l-'RJMT HFx<Oh),“ 

i-iPa I !•' i up AKiAi. VMii-i*' ; l-iRlKn 
fvA^I PW I rjl ..r-; ) Ni'? >;>«.«>, m-P ! l'RlNTL'h:}.N''5 

: inti lsll^^• sVo- A 

T 0|A^'i.'AP ijl- VAHl'W PAV'^iA'-*- = WIOlH 

ijv- f-tv. «,iv.<p * «». fA-*RpA«:(:. ri--NyM_iN = 

■.,W» 7 fMAKAT-R UP t_l(i<JlD I ‘AySAUF = **. iJttttfc'* DEPTH 

i.R- pa M >• s w.AAKA** OP.Nyi<V = *t,*t*t*t*i ^ /<‘U«F1« 

7 HFH-iiT '_»• PIPE = «i 4 *ii.l***'* 1 N 11 lA 

i_ ^_•MAK{.••- = *t*t. *1*1 VIVS* T_i£>] I V = Sl./l- T-y 

. AKM'Ii.t t»iT n-l KEijfLUl Tl.l (ifyADl iv r-jU.U = 


I)t-t.- 

y55o 




KJU 
1^; » 

yi* ' 

KA<.» 


iiiw I = 1 ru \{Mi r Hy( 1 )=Hb( A J i )*JE* : 

wr* I I 

|jiS ; .\i*i ; l•l^'l^lTl.l^->'lI^:l5 ; pF^ l NilLfcllN''' (->1.0 T l-UH 1 = 1 lU !0 ! 

kP ! Ml i,t-i I Ni-: I < I 1 1 ) ,Hb« 1 ) , T < A+Sf») jMF:,! J4*-jO) jW*.l H!jO) 

; r.iP 111 

7 IlMT HE1DMT UP VAPijR HPIFHT l>' t UiUlD 

-, ,-M. HP M.*-i' i_»- VAP(.IK l-iFKiMT iji- LIQUID 

■ <IN» <1N> 

( yPC » « 1N> ( 1N> 

X 


7 -ttUA.A*! -4*^^*. 4t*r*s^* -4l4t*s. 4t4»*l4l 

—*===. *rA -*1ASI. 4t*t*£^ — 4t##. *tA*=*» 

h; : : hRinT <v^f.t«-Aj ; (sUSi.iR A IM : yi-LhCT PB : PRINT : 

m; if.-. -Hi-rtiN «-‘i,i *‘ ting ypiTi.iFNi'-p “ : I CIK 1=1 TO b 

wi.'ifj i ? Nfi*i 1 : v-p .iNT "jriAPi uPuMPl.ui pa'jkage. . . . " : 

PR .. r,;T ‘ i.lJ_tCT ►* 


— — “IWIA'P* 1.11“ 

nv Kr’i'- PUm- CA-TER EC }i .1I-1I_V 

HI fci?Pw(.*:yAM lU D«J MFNFUAI, pi. U^l^'l•■i AN BLIPpOKI 

UK ii-iK i<f;i_i..haM ■•mPATP’iPF" 

/RO Iiwiin, IJSri, XlS-£iO, XE^AD, VlffAO, A^IO, 

KI«.M IJ(fUX>)f Ic-'iE-OD), A-i'CtA, HbA 
/ jBi W! v-«"« Ml III 4 * MVii:3>! V4D : DUlU VbO 

/A(J hh.nT k*->u>: 0? I'*; •NH.'SING /b«J : PRINT ; piiH«N 

/y»., X 

Uf<ljh:P|.UI 


,'Ai.i HW'r.i'i “MAIN l»M >•« « II T FR AND SpT Hijfffi PLiy.l I lUN" : I'R INT 

/T..I IK.= iM 'Mi l MkM U.I Hr-.(ilN"5« : C=J 


/M.'l l, = K,l.» • Pi'Af l«A HI lOO 

/ A. I H- ,;=i ll-A.N N * I 1 .» ’ IP C=f^ IHPN S't ] )=' lEl .T ) : 

> ( « ,» a » • ,1 > ? NF X • .1 

H- yiVT IP^'A l■•^.•lNTy IN IN'k'l- ABING X URDPR and 



ORlGmAL 
OF POOR 


nt-.TitHK 1 1(4- I^AKW:.^: I X ANf.J V V'Al l.lFTf,, 

v^T, fut\ ; ^•l■^l^^f tw I ]N'">.^ . , , " : <-uSUt« 1 /<«> : © /AO 


1^ <• V 1 IV-ICm >,..•11 

w-.l {•'. S.1 

>!/■.'. t .J-. >;>-.i.», V- 1 » > »f /O j UiltlJ >.<!■«.» 

' « . (I- X t . : •«>.IUJ ><><■» 

- - .1-: , Itf » Cl- . • 1 -k ! Cj'lltl iO.<>» 

- /(. .-. ..I ; O'J'MJ >SiS'J 

» (.■• I J i-1 1 iCMlJ 

-- i I. =. ■ 

-u> 1 ijMP cy.C** ; 1 l-u.D 

V 1 >- = •■ I icr h;.-iT'* • vw-ss"*. l N. • 

■- ^ Tcj 

’-.-‘■j . 1 1 .1 i = c X c j i->ii '■‘►r-'iKi/Sfj : n ( 1 ,i=!yui.ir') 0 < 1 1 « i >+u. b,o) 

-.1^ . 1W( I la, YC J i-Sr’iWj'^.SA t lt;M 1 )=WLn i!\)0» lc.‘< 1 > »0, t,,0) 

i.iC • . I 

af-vc 

M/. . /iU) ? i-'icI.MT -IIAIA UtiNG l'i<LK;h.iJGt-.D , (-CAt HJPi.r ANALVUlG 

' r r, r njwK I f.«-l 

1^ *. f 1 1 >«•'••» 

lvt-^ - I.W3A*; 7 1U< MAKkG and LiNlT LA6£l-S 


?.<>«.* »’ - : »o = 

iciit.i iJ-n -. jW> ; w< 1 1 C>v t>.> 

••‘.T' » ><i.. 

- ! = J n. <,.l •. I-I.ttv J a 1 lu V, ; Pl.UK .bt),. •b 5 U >,<.05 10,U.>, 

. « 0 ; l•''-U7<-'.;0,•-10!,U>,<0..i:•»J3.U>5<.0, --70;U> : 

1 1 I 


1 

1 

^ <.> /i\ 

\ i 

M r 

* 1 

Vi > *.i 
1 \ #.•. \ 

' 1 *'*.• 
} } ^ 
•*. ^ V 

' 1 ' 
\ \ \i} 

* 


*. • ■ -,*■>> ; » '• • ' « I, O , 0.> 

i. . ... <-io,o,u.> 

- • = 1 H» • I U« J = 1 7U iJ ; fLLiK' -b, 

' : f’i_ui<-io, -W5U>,<c'0,0;L»5<.-i05 0,u> : 

r**7“ * ^ i 

» * < *, J/ V 

*.«, ; i i « {fc I ^ I I V • 

i.i u, i=i fU ! '■» >1 

... £.,;>.^cA» va iivv>. iHhN 1JIK> : II- ABGIA) >= ICH). 'THEN 114<> 
J. Ai!<-C(Ai >B v». >I*-N lli.0 : IF- ABG<A> >=1 U-feM 1 UO : 

M- A S O. »1>=N 1 1 lo 
1. A Hi <**.*»: GL'IU 1J70 

* 1 A lU c-.to*t*») ; GIJIU 1170 

ivi A III AT c-tiatett) ; -G'liu 1170 


« . T A 

M' 


\ 

• ) 


oto U 

IIYO 

1 » ^ u* » 


w * 


- ate. a ) 


<iO 1 U 

1170 

t *• » • 1 A 

II « 


f 

-a. tea) 


G07 U 

1170 

••• 1 , ^<- X^ 

• 

1 » Ml 

<* 

1 -b 


F'Lf ) 1 < 

,»A^> : 


.;i< ..i.HY«A<Ti«-.>v.,0,U> ; A = A + ixi. : HL0l<.r:?C>O,0jU> 

t.>-' t I 1 ; 1 1 . , , i.* > 


’ <•> *.*• ' : ,H,> 

1-. : . . ^ -1 Cl, 1 1 . ; A-'jiJ 

i. i;_> ~ )al Hj 

.. A-.-.:tA» >* li?‘..CJ : .\h AGblA) 

ii- Aij.jtAi >« c.i, H.P.N luVO : ir AEISFA) 
A a C>. *• -W 

ic’.— » ..>^.;.-.Vi A Ml A'* <».«! : GOic^l 

I A III A*. C".*»A*«» ? G‘MU ItTfO 

..•• ...\....i.i A III A- i-AuBai ; CSUIU lil-^'JO 

i-.-. .#1 A III — T . «..«<ua. > J GOlU Ic'OO 


>= UK). I HEN lUiA) 
>=1 iHFN l£»0 : 



ORIGINAL PASS is 
OF POOR QUALITY 


. (I 1 A 111 AT 

^ A I I A'* i-li.t*!) ; UlMIJ 1 

ir.., K. ii. . , ^ 1 , V, , \ I, ^ . A'r>j r A = A + IJ4 : 

l-'l lit <■ i I. I I 

■■it., fvP > , I ; l-M. I III ,'IX»,U>, < 5 ,iv> 

1 -it I ir.t i.iiUI > -1 j I 1 1i r»c.'0 

■I 1 I I , . ^ (•!;. k « I.,-- I ■. 

i ; ,1 (.ii,.* i|.|XKi r.»i • jf (.;=j il-irN t,=ji ; y=i : 

I-Iiw 1=.) Ill invi; ; t'i_lJi |)> : s— }i : 

k I I Z r-'l .1 M *' , . •«• > 

i -A'j • M.w III : HI tii<.,c.tX)/(i 5 U>,ui<J::-«-fr‘«x>, ,t>> : . 

y=..v; . rM6*» i r iji <• , ,iy> 

1 1 1!\, li,;. i;i.iig 1 in.-U. ' J fO„ 

I-'! iii< ^|.iuiri|. ) » > • tSijiij 1 ]fzK> 

•t ^1/0 I--. 1 1 1 < , ^ I t,- * I I > • li'.nu J 'J-MJ 

1 J •• • ‘ ^ H: i« » > 

i. >1 JIUM l••ll^lTh; IJV A l.iNf^ 

1 4.1 K > l-'t I I t < . . lv"V 

1i.10 l.- ^ TH^M 

1 ^'1 » l-IlK I = J III I 

tA-u.i I- 1,1 jhpm r Hi uiOi< 1 1 ( 1 ) /ui, ,u>: hluid=:<, icjd > /Lte.‘ 5 U> 

Z «;• > 1 1 I I AW 

1 A4.0 I't ill ■ » n J »-d . • , *t--< 1 ) -1 kM J-1 ) ,U> 
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1.0 PROGRAM DESCRIPTION 

The Reduced Gravity Program, operated by the National Aeronautics and 
Space Administration (NASA) Lyndon B. Johnson Space Center (JSC) in 
Houston, Texas, provides a "weightless" environment similar to the 
environment of spaceflight for test and training purposes on a cost 
reimbursable basis. The program will operate in accordance with 
NASA's established safety procedures (NASA Safety Series 1700.1, Volumes 
1 and 3, JSC Safety Manual, 1700B), including the requirements of this 
document, to assure safe and efficient flight test operations. 

2.0 SIMULATION DESCRIPTION 

The reduced gravity environment is obtained with a specially modified 
KC-135A jet transport flown over a parabolic arc to produce short periods 
of less than one "g" acceleration force. This parabolic maneuver is 
initiated and terminated with a pull-up and pull -out of 1.8 to 2.0 g's 
(figure 1). The length of these reduced-gravity periods depends on the 
g level required for the specific test. Below are listed typical lengths 


of various maneuvers: 



Negative g 

t 

(-.1 g ) 

15 seconds 

Zero g 

(0 g) 

seconds 

Lunar g 

(1/6 g) 

30 seconds 

Martian g 

(1/3 g) 

40 seconds 


These maneuvers may be flown consecutively, roller-coaster fashion, or 
separated by enough time to alter the test setup. normal mission is as 
follows: 

a. 2 to 3 hours' duration. 

b. 30 to 40 maneuvers. 

c. Flights originate and terminate at Ellington Air Force Base, 
Houston, Texas. 

Changes to the normal mission can be made to insure more efficient testing 
operations. 

3.0 FACILITIES PROVIDED 


The KC-135A aircraft is equipped to provide electrical power, breathing 
air or nitrogen sources, communications equipment (intercom), overboard 
vent system, and photo lights. (See section 6 for detailed description 
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of the aircraft.) NASA/ JSC will provide photographers, 16 mm movie, 35 mm . 
slides, and prints, as required for test documentation purposes. Work 
space is available on the ground for buildup and checkout of test equipment 
to insure its operation before installation in the airplane. Test 
Directors from the Reduced Gravity Office will supervise testing opera- 
tions in flight and will review the test documentation submitted by the 
using organization to insure the inherent safety of the hardware and test 
procedures. All necessary rigging and moving equipment for heavy or 
large equipment is available. ‘ 

4.0 USER REQUIREMENTS 

4.1 Test Request Procedure 

Requests for reduced gravity test support must be submitted in writing to: 

t 

NASA Johnson Space Center 
CA/Director of Flight Operations 
Houston, Texas 77058. 

The request should be submitted no less than 6 months prior to the desired 
flight date for incorporation into the long-range aircraft flight schedule. 
The flight schedule is determined at the Reduced Gravity Semiannual Users’ 
Conference, normally held each May and October. This conference allows the 
users to meet and discuss past testing experiences with the other users, 
enhancing the development of testing techniques, and to discuss future 
flight requirements. 

The initial test request should contain general information describing the 
following: 

0 Test objectives. 

0 Desired schedule (Exact flight dates will be determined later.) 

0 Brief description of the test and associated test equipment. 

0 Number of test personnel required for flight. 

0 Special support or constraints. 

0 Identifiable hazards. 

0 Names, addresses, and phone numbers of contacts. 

Contact will be established by the Reduced Gravity Office with the request- 
ing organization to formalize the test program. 

4.2 Test Equipment Fabrication Requirements 

It is important for the users to design and construct their test equipment 
in accordance with the following guidelines. 
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4.2.1 St ructural - All test equipment provided by the using organization must 
be stressed for the ultimate gravity forces given below: 

0 Forward - 9 g's (eyeballs out) 

0 Aft - 2 g's (eyeballs in) 

0 Lateral - 3 g's 

0 Up - 2 g's (eyeballs up) 

0 Down - 6 g's (eyeballs down) 

These forces should be calculated for the test equipment in its take-off and 
landing configuration. The in-flight test configuration should be designed 
for a possible 2.5-g force at maneuver entry and exit. 

I 

4.2.2 Floor Loading - The following maximum floor loadings should be considered 
in the design of test hardware: 

0 Concentrated floor load of 25 pounds per square inch. 

0 Contact pressure load of 200 pounds per square foot. 

0 Loads above these limits must have shoring underneath (e.g., 
plywood sheets) to spread the loading. 

0 Rigid test fixtures longer than 10 feet must be designed so as 
to not interfere with the normal flexure of the aircraft. 

^''4^,2. 3 Electrical Power and Interfaces - The following electrical power is avail- 
able in the test section of the aircraft: 


28 volt DC 80 amps 
110 volt AC, 400 Hz, single phase 50 amps 
110 volt AC, 400 Hz, three phase 50 amps 
110 volt, AC, 60 Hz 20 amps. 


Electrical wiring and interconnect cabling with the aircraft must be fabri- 
cated and installed with good workmanship standards. Each piece of test 
equipment should be self -pro tec ted with an incorporated circuit breaker or 
other current-limiting device to protect against electrical shorts. Normal 
aircraft vibration, high humidity, handling rates, and higher-than-l-g 
loads should be considered in connector and wiring selection. 
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The aircraft electrical test power is distributed to five power distribu- 
tion panels evenly spaced along the lower side. wall of the. test section. 
Moveable power boxes connected to the power distribution panels contain 
circuit-protected terminals mounted on bus bars. All power and ground 
leads from test equipment should be 20 feet long with §B (.163 inch diameter) 
spade lugs at the end. The exception to this is the 60 Hz AC power leads, 
which will utilize the standard three-prong plug. 


4.2.4 Equipment Mounting - All test equipment should be mounted on baseplates 
with 3/4-inch holes drilled to match the 20-inch centered grid pattern of 
nutplates in the floor of the airplane (see figure 2). Aircraft type bolts, 
supplied by JSC, are used to secure the baseplates to the floor of the air- 
plane. Suitable handles and holes are needed around the baseplates for 
Torklift arms or J-bars. '■ 


f " 4.2.5 Free-Float Packages - Perturbations of the airplane can cause small g forces 
during a zero-g maneuver (+.02 g). If a precise zero g is required, the 
test package can be free-floated inside the cabin, preventing contact with 
the walls, ceiling, or floor of the aircraft. To provide the maximum free- 
float time, the package to be floated should be as light and compact as 
possible. If an umbilical is used between the floating package and tied- 
down support equipment, it should be at least 30 feet long to allow for 
-drifting of the floating package. Handles the length of the longitudinal 
axis of the package (in its floating configuration) should be mounted using 
3/4-inch tubing approximately 18 inches above the package floorline . 

4.2.6 Hazardous Materials - Avoid hazardous liquids and gases where possible, 

including high pressure, toxic, corrosive, or explosive materials. If such 
materials are required for a test, the proper container must be used (e.g., 

- high pressure gases are stored in certified K bottles). If such materials 
-^are approved for use at the JSC safety review, provisions for dumping and 
_ = purging in flight will be required. 

4.2.7 Miscellaneous Guidelines 

0 Avoid sharp corners on all test equipment. 

0 Avoid electrolyte type batteries (dry cells are permitted). 

0 Avoid flammable materials 

' 0 Consider equipment or procedural failures. Provide backups or 

T -workarounds to prevent such conditions from resulting in hazards 
to personnel or aircraft. 

0 Consider the activities required during the 2-g and zero-g 
portions of the flight. 
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4.3 Test Equipment Data Package 

Four weeks prior to the first test flight, the appropriate documentation must 
be submitted for review and approval. This documentation, the test equip- 
ment data package, includes the test plan, engineering drawings and schematics 
structural analysis, electrical load analysis, and an analysis of any 
identifiable hazards. The test plan contains the following: 

0 Test objectives. 

0 Test description. 

0 In-flight test procedures. 

- 0 Parabola requirements, number, and sequencing. 

- 0 Test support, requirements, ground and flight. 

, .Q Data acquisition system. 

. 0; -Test operating limits or restnictions. 

f- >0 Test personnel requirements. 

0 -Photographic requirements. 

4.4 Test Personnel 

■ All flight personnel must provide certification of a current flight physical 
;{Air Force Class III or FAA Class II) and physiological training. The number ' 
of personnel will be held to the minimum required for the safe and efficient 
conduct of the test. Upon receipt of certification of the physical and 
physiological training, the Reduced Gravity Office will obtain the required 
invitational boarding orders for each individual. Approximately 2 weeks is 
needed to obtain these boarding orders. 

4.4.1 Physical and Physiological Training 

Both physicals and physiological training are available at JSC, although 
nonlocal personnel may find it easier to obtain them elsewhere. The physical 
is conducted in two parts; i.e., laboratory and doctor's examination, with 
an approximate 2-week interval between the visits. The physiological train- 
ing is a day and a half class and altitude chamber run. The physicals can 
be obtained from any Federal Aviation Administration (FAA) flight surgeon, 
and physiological training classes are offered at several Air Force and 
Navy installations . 

4.4.2 Familiarization Flight - Depending on the nature of the tests and duties 
planned for the test personnel, a familiarization flight for people inexperi- 
enced in reduced gravity flights, may be required. Therefore, when the actual 
flight test of their equipment occurs, the test personnel will be aware of 
the sensations, body responses, in-flight test procedures, etc. 
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5 Shipping • 

The test equipment should be received at least one week prior to the first 
flight. The address to use for equipment shipment is: 

NASA Johnson Space Center 
Transportation Office, Bldg. 420 
Houston, TX 77058 
Attn: Zero Gravity Office 

Ellington Air Force Base, Hangar 990 

4.6 Preflight 

The buildup and checkout of test equipment is solely the responsibility of 
the using organization. All tools and checkout equipment must also be 
provided by the user. A JSC safety review will be held prior to installa- 
tion of equifxnent into the aircraft to determine if all necessary requirements 
have been met. A simulated ground run may be required during this review 
whereby the test personnel will demonstrate normal and contingency in-flight 
procedures. An emergency egress briefing will be given to all flight 
personnel who have not previously flown on the aircraft. All flight 
personnel will attend the preflight briefing where that day's flight test 
plan will be discussed. All flight personnel will wear approved flight 
suits and boots, which can be provided on loan from JSC. 

^ Flight Phase 

All personnel on board the aircraft will be under the direction of the air- 
craft flight crew and Test Director, both for normal and emergency conditions 
. -.and for test operations. Strict adherence to the authority of these 
-personnel will be rigidly enforced. Any deviation from the flight test 
plan must be discussed with the Test Director before implementing, 

4.8 Post Flight 

A post-flight debriefing will be held immediately after landing to review 

any problems that occurred during the flight and to discuss possible altera- 
tions to the test. Upon completion of the test phase, the equipment will 
be downloaded and prepared for shipment by the user. Two copies of the 
■finalized test report shall be sent to the Reduced Gravity Office. This 
data will be maintained in a reduced gravity reference library for use by 
other interested parties. 

5.0 AIRCRAFT DESCRIPTION AND PROVISIONS 

5.1 Environment 


Cabin pressure is controlled between sea level (14.7 psia) and 11,000 feet 
(9.7 psia) during the parabolic maneuvers. Loss of cabin pressure would 
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- result in a pressure as low as 2.7 psia, which must be considered in the 
-^^design of test equipment. Cabin temperature varies from 50° to 80°F in 

flight normally. The temperature in the cabin is not controlled while the 
^lirplane sits on the ground. If necessary, a portable ground air conditioner 
is available during preflight operations. 

-5.2 Dimensions (See figures 3 to 5) 

Approximately 60 feet of the compartment length is available for test 
. -purposes and stowage of a limited amount of aircraft equipment. Typical 
-cross sections at three locations are shown in figures 3 to 5. The cargo 

- hatch, through which the equipment is loaded, is 75 inches high by 118 inches 

- wide. Eighteen inches of width near the top is unusable because of the 
^oor actuating mechanism. 

5.3 V Crew Provisions 

There are 24 seats provided aft of the test section for test personnel. 
Parachutes, emergency oxygen, smoke masks, life preservers, life rafts, 
first-aid equipment, and other emergency equipment are provided on board 
-:the aircraft. 

The interior walls of the cargo compartment are covered with foam padding 
-for the protection of personnel and equipment. 

5.4 Test Provisions 

. -a. Interphone - An interphone system is provided for test communi- 

cations. The number of personnel on the interphone will be 
controlled to assure clear and efficient communications. 

b. Electrical Power - See section 5.2.3, 

- V c. Gas Supply System - A cryogenic storage and supply system is 
available to provide a source of breathing air or nitrogen. 

d. High Pressure Gas System - A high pressure bottle rack for a 
supply of inert gases. 



Overboard Vent System - Plumbing is available to allow venting 
of liquids and gases overboard in flight. 

Photography - Photographic lights are installed in the aircraft 
test section. These are sufficient to support photography of 
most open tests. Additional lighting equipment is available 
to support enclosed tests or special photography. 


J 
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6.0 FUNDING 

The Reduced Gravity Program is cost reimbursable with the flight hour charge 
rate based on an annual flight hour projection versus costs of operating 
the airplane. Reimbursement costs are computed semiannually and published 
in the minutes of the Reduced Gravity Semiannual Users Conference. 

8.0 CONCLUDING REMARKS 

The degree of detail, rigor, and formality required in the development and 
conduct of a reduced-gravity test depends on the complexity,, hazard, and 
uniqueness of the test. Communications with the Reduced Gravity Office are 

required early and often to eliminate any last minute surprises which will 
cause delays. The personnel of the Reduced Gravity Office will review and 
comment on preliminary drawings and plans at any stage of development. 

It should be noted that a test will be conducted only after cognizant NASA 
personnel have been assured that a safe, well organized, and productive 
flight can be achieved. 
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I. STATEMENT OF THE PROBLEM 

The fuel cell system of the Or biter utilizes oxygen and hydrogen as 
reactants. These reactants are supplied from pressure vessels which at 
present, are loaded while the vehicle is on the ground and prior to its launch. 
The location of these tanks can be seen in Figure 1 which shows the Power 
Reactant Storage and Distribution System CPRSD) of the Orbiter. In particular, 
the tanks which supply the oxygen are pressurized to a nominal value of 900 
psia. This is accomplished by hydraulically pressurizing the reactants after 
the tanks are fully loaded. This pressurization assures that the state of 
the oxygen is in the supercritical pressure region. 

While on-orbit, and as the oxygen is consumed in the fuel cells, the 
pressure in the tank is maintained by the use of a set of heaters immersed 
in the fluid in the tank. However, since the pressure is not allov-'ed to fall 
below the critical pressure, the fluid is kept supercritical and the heat 
transfer processes occurring are those related to a single phase component. 

The location of the heaters and other details of the oxygen tank can be seen 
in Figures 2 and 3. 

As part of the enhancement program for the Orbiter, the following concept 
has been proposed: after the external tank separates from the Orbiter, 

about 2000 pounds of residual liquid oxygen remain in the Orbiter in the main 
propulsion system lines. At present, this liquid oxygen is dumped overboard. 

To utilize it, and thus be able to reduce the launch weight of the Orbiter, 
it has been proposed to transfer part of this liquid oxygen to empty PRSA 
tanks which have been previously prechilled to approximately 163°R during normal 
ground servicing operations. These tanks would be vented to a low pressure 
(of about 1 psia) prior to the liquid oxygen transfer. The Orbiter would be 
pitched at a 2 degree/second rate to ensure settling of the liquid oxygen in 
the main propulsion system 17-inch manifolds. To carry out the transfer of 
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FIGURE 3 
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the fluid, the manifolds would be pressurized and a nonvented fill of the 
PRSA tanks would take place. Liquid oxygen remaining in the lines would then 
be dumped overboard. Figures 4 and 5 show schematically the proposed procedure. 

After the transfer of the liquid oxygen to the tanks, its pressure and 
temperature has been estimated to be 45 psia and i72°R, respectively (for a 
completely full tank). This corresponds to a slightly subcooled and subcritical 
state. To bring the pressure in the tank to the system operating pressure of 
about 900 psia the set of internal heaters would be used. This means bringing 
the substance from a subcritical state to a supercritical one. At present, 
this process is unique since it has never been carried out before in a space 
environment. This study is related to this process. It is desired to predict 
the performance of the heaters while bringing the state of the substance from 
the subcritical state to the supercritical one, while in orbit. In particular, 
it is desired to predict the time the pressurization process will take and 
the temperature of the heater as the process proceeds, the latter is important 
to carry out -the pressurization process safely since there are materials 
within the tank which could achieve ignition temperatures if the heaters were 
allowed to exceed the safety limit of 





figure 5 LOo TRANS'^ER SCENARIO 









FIGURE 6 PRESSURE SPECIFIC VOLUME' DIAGRAM 



SPECIFIC VOLUME, (v) 
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II. THEORETICAL CONSIDERATIONS 

From a thermodynamic point of view, the process that a closed system 
undergoes in bringing it from a subcritical to a supercritical state, is one 
of constant average density for the system as Figure 6 shows. The first law 
applied to a closed system yields. 

Q - Ug - Uj (1} 

where Q is the heat input and Up U 2 are the initial and final internal 
energies of the substance during the process. As can be seen from the figure, 
the pressure increases from p^ to P 2 as the process is carried out. At any 
instant of time, a knowledge of how much energy has been transferred into 
the fluid. would provide the value of its pressure. 

While thermodynamics deals with the total energy content of a fluid, 
it does not provide information as to the rate at which these energy exchanges 
will occur. 

Thus, one has to refer to heat transfer theory to obtain information about 
the rate of energy transfers and thus on time requirements for the processes 
involved. 

The mechanism for the energy transfer in the form of heat are those of 
conduction, convection, and radiation and those found on multiphase processes 
such as boiling and condensation. The study of these processes in reduced 
and zero gravity environments has been promoted since the middle 1950' s by 
the development of the space technology and research. However, the studies, 
and the correlations derived from them, has a limiting factor, the inaccuracies 
associated with the experimental production of reduced gravity. The probable 
main limitation of the techniques available on earth to produce a reduced 
gravity environment is the short test time. Tests in a space station may be 
the only way to finally determine the long-term performance of these processes. 
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Based on the still limited knowledge that we have at present, an analysis 
of the performance of the heaters in the oxygen tank of the PRSD system was 
undertaken in this study. 

Initially, before the heaters are turned on, both, the heaters and the 
fluid can be assumed to be at the same temperature. What occurs after the 
heaters are turned on can be described in the following manner. If the state 
of the fluid is one of a slightly subcooled liquid, at first, the electrical 
energy supplied to the heaters and converted as heat by them, will be used to 
bring the liquid adjacent to the heaters to its saturation temperature at the 
existing pressure at that moment. The addition of more energy will increase 
the tanperature of the heaters above the saturation temperature of the fluid 
adjacent to it, and boiling will start. 

Figure 7 shows a typical boiling curve. It is a representation of heat 
flux versus excess temperature, where the excess temperature, - Tgg^), is 
the difference between the surface temperature of the heater and the saturation 
temperature of the fluid adjacent to the heater. 

Various regimes are indicated in the figure. That of nucleate boiling 
refers to one in which a vigorous bubble formation at the heater's surface 
is observed. 

The initial portion of the film boiling regime is one in which bubbles 
form so rapidly that they prevent fresh fluid from moving in close to the 
heater's surface. Individual bubbles tend to coalesce and form..a film of 
vapor on the surface of the heater. Because the film intermittently forms 
and disappears, this portion of the film boiling regime is very unstable. 

The regime of stable film boiling is one in which, the film on the heater 
surface is stable. Due to the increased thermal resistance of this layer, the 
heat flux is reduced as the excess temperature increases. It reaches a minimum, 
and as the excess temperature continues to increase, radiant heat transfer 



FIGURE 7 TYPICAL BOILING CURVE 


11 



(31V3S 001) (V/b) ‘xnid 1V3H 


EXCESS TEMPERATURE. (Tgurface - Tgat) C-OG SCALE) 



12 


becomes predominant and the heat flux increases again. Point A of the curve is 
called the critical or maximum heat flux while Point R is called the minimum 
heat flux. Due to the complexity of the boiling process, most engineering 
calculations involving it are made from empirical correlations. 

There are several factors to consider for the boiling processes in reduced 
gravity environments. One must consider how the nucleate boiling heat transfer 
flux is influenced as gravity is reduced. Gravity effect on the upper limit 
of the nucleate boiling flux regime (known as the critical heat flux) is also 
important since the latter determines when transition from nucleate to film 
boiling will occur. Gravity effect on the film boiling regime is also of 
interest. 

Boiling will take place until the pressure of the fluid goes above the 
critical pressure. From this point on, the fluid will behave as a single 
phase component. These regimes will be considered in more detail as follows. 

An energy balance on the heaters at any instant of time yields the 
following equation, 

(rate of energy input - fate of energy output) = rate of increase in the in- 
ternal energy of the heater. (2) 

The rate of energy input term refers to the rate of energy input as 
electrical energy to the heater, while the rate of energy output term refers 
to the heat transfer process or processes which at that instant are con- 
trolling the rate of energy output from the heater. The change in internal 
energy of the heater causes a change in its temperature. They are related 
through the equation, 

rate of change in internal = (heat capacity of the heater) x (3) 

energy of the heater (rate of change of the temperature 

of the heater) 
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where m - mass of the heater 

c - specific heat of the heater 
T - time 

Consider now the above relations in the case when the fluid adjacent to the 
heater is initially subcooled and is going to be brought to a saturated liquid 
state by the conversion of electrical energy into heat energy in the heater, 
while in a low-g environment. In this case, it is assumed that heat conduction 
into the layers of fluid adjacent to the surface of the heater is the primary 
mode of heat transfer. 

Gravity reductions primarily affect the convective heat transfer mode 
since this mode is dependent upon buoyancy forces, which are correspondingly 
reduced as the gravity field is reduced. Temperature differences are such 
that the contribution to the heat transfer by radiation is negligible. To 
solve such a system the temperature gradient should be known or assumed. In 
the problem under consideration a linear, temperature gradient was assumed and 
an iterative technique was uttltzed to determine the variation v/ith. tijne of 
the temperature at the heater's surface. The amount of heat added to the fluid 
was calculated and from it, the corresponding pressure rise of the system. 
Properties of the fluid were evaluated at the particular pressure and temper- 
ature occurring at a given instant of time. The thermal conductivity of the 
fluid was evaluated at the temperature of the heater's surface while the 
density and specific heat were calculated at the mean temperature of the fluid 
in which conduction had taken place. The difference between using the arithmetic 
mean temperature and using the bulk temperature was determined to be insignificant 
and the arithmetic mean temperature was used in this study due to its 
si.mpl icity. 
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The iterative model used for this portion of the heating process is 
described in Appendix A. The iterative process begins by determining the 
amount of energy converted by the heater into heat energy in a unit of time. 
This heat energy raises the temperature of the heater above the temperature 
of the fluid which surrounds ' it, and thus establishes a temperature gradient. 
Due to this temperature gradient heat flows into the fluid. A balance is 
sought between the amount of heat which flows through conduction from the 
heater into the fluid and the energy stored during that instant in the mass of 
fluid which has been affected by this energy transfer. The energy which flows 
into the fluid is subtracted from the initial energy generated at the heater 
and the one which will be generated in the next period of time is added to 
determine what amount of energy will be available to increase the heater’s 
temperature at the beginning of the next unit of time. The available energy 
is related to the heater's temperature increase by the relation Q = rac(/lT) 
from which AT = Q/mc. Ttie product me is the heat capacity of the heater. 

When the temperature at the heater's surface reaches the saturation 
temperature of the fluid at the prevailing pressure, boiling begins. The 
model then, although following the same energy accounting procedures, changes 
to account for the multiphase processes involved. 

Experiments where nucleate boiling has been studied in reduced gravity 

fields indicate that, within this regime, the wall heat flux (Q/A) as a 

function of the difference between the wall temperature and the saturation 

temperature of the fluid (T^ - do not vary appreciably from the 

experimental data obtained at 1-g, as gravity is reduced. This can be observed 

in Figure 8 where the data for boiling liquid nitrogen at a 1-g and at a 
_2 

10 g levels is shown. The same phenomena is reported for nucleate boiling 
in increased gravity fields (1,2)*. Some authors (2) have feoncluded that 

* Number tn parenthesis refer to the reference number. 
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"buoyant forces are not of prime significance in the process of nucleate 
boiling. The role of inertia forces resulting from bubble growth appears 
to have the principal influence in the process." 

On the other hand, the experimental data shows that the maximum heat 
flux, ,i.e., the heat flux at which the transition from nucleate boiling to 
film boiling occurs, as well as the minimum heat flux and the film boiling 
regime itself are strongly dependent upon gravity levels. This effect can 
also be observed in Figure 8. 

For the pool nucleate boiling regime, the following equation in gener 
alized Stanton Number form was selected, (2) 

R. ° F(p) 

(St)= (Pr)'> 


It can be expressed as 


L* G* = F(p) , 

Tn C(0/A)/ATcp, G*] 


where 


L* = [90 ^ I h 
La^Pl - Py)J 

6* = (Q/A) PI 
fifgPy 


F(p) = 3.05 X lO'll 


LCa(g/go) (p| - 9yU h 


7/3 


a = 10/3 
b = 6.5/3 

In the above relations, 

p - pressure, psfa 
A - area, ft2 

g - normal gravitational acceleration, ft/sec^ 
AT - (T„ - OR 

T^ “ wall temperature, PR 
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Si 

9o 


- saturation temperature, °R 

- specific heat capacity of the saturated 
liquid, BTU/ Ibm-OR 

- conversion factor, 32.2 Ibm-ft 

Ibf-sec® 


a - surface tension, Ibf/ft ~ 

Pi - density of the saturated liquid, Ibm/ff^ 

O 

Py - density of the saturated vapor, Ibrn/ft*^ 

hfg - latent heat of vaporization, BTU/lbm 

Pr - Prandtl number 
F(p) - pressure function 
Re - Reynolds number, properties measured at 

- Stanton number, properties measured at 
yl _ viscosity of the liquid 


The heat flux in this regime was assumed independent of g level as 
previously explained. When considering the point of maximum heat flux, 
Kutateladze correlation (2), was selected, which state that 
(Q/A)^ax Pv ^^9 j gggo {Pt - (a/g)% 


In this equation, the parameters are the same as previously described. 
However, a represents the gravitational acceleration level while g re- 
presents the normal (32.2 ft/sec2) earth gravitational acceleration. 

This equation postulate that as a/g approaches zero, the heat flux goes 
to zero. At an a/g level of 10~®, the (a/g)k factor would reduce the 
maximum heat flux by a 0.013 factor while at an a/g level of 10"3 (the 
one prevailing during a pitch maneuver of the Orbiter at a rate of 2 
degrees/second) , it would be reduced by a 0.178 factor. However, the ex- 
perimental data deviates from the expected (a/g)% behavior. This is shown 
in Figure 9 taken from reference 2. The figure shows that at low values 
of a/g, (a/g 'v o), the maximum flux is about 40 to 60% of the value for an 
a/g = 1. 

The meaning of the reduction in maximum heat flux as a/g o is that 
the fluid goes into the film boiling regime much sooner and for a small value 
of the excess temperature (T^ - 
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The point of maximum heat flux at a particular pressure Was shown in 
Figure 7 as point A. It separates the nucleate boiling from the film boiling. 
As shown in this figure, the initial portion of the A-B portion of the curve 
corresponds to an unstable film while the final portion corresponds to a 
stable film. As pointed out before, it is considered to be a region of 
transition boiling. Little study has been done on this portion of the film 
boiling regime. Considering now point B of the curve, it represents the 
point of minimum heat flux in the film boiling regime. From this point on, 
radiation contributes to the film boiling and must be taken into consideration. 

For this study the correlation of Zuber (2) was selected to determine the 
minimum heat flux. It is given as ~ ~ ' II 


(Q/A) 


IT 

min " 24 


qggo (Pi - Py ) 
+ Py)^ 




(a/g)^ 


The (a/g)'^ dependence has been confirmed by certain experimental data for 
at least (a/g) > 0.10. However at very low values, it is not known if the 
relation will hold. In this case it would predict low film boiling heat 
fluxes and the heat transfer from the heater would probably be highly dependent 
upon radiation because of the resulting high surface temperatures. 

For the calculation of heat fluxes in the, fiijp boiling regime, th.e 
method proposed by L. A. Bromley (3) was used in this study. The heat 
flux would be given by 


Q/A = [h^ + 




2.62 + *^r 
he' 


m 




where, hr, the radiation contribution is given by 

K = cr-e(T 
r ' w sat ' 


T - T 
‘w ‘sat 

For h^, Breen and Westwater correlation was used (2). Their correlation is 

\ P -V 


h^ = (0.59 + 0.069 Fg X 
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where. 


A = 




2n|5o^ 
3 


g (Pl - Py| 






'Vf 


(p» Pyf)ghfq 




Pvf 


" ^sat' 


(a/g)j ’* 



In the above relations, a - is the Stefan-Boltzmann constant 

e - emisslvity of the surface 
Do - outside diameter of the heating element 

The subscript v refers to the vapor and the additional subscript f, indicates 
that vapor properties are taken at the mean film temperature, = (T^ " ■^sat^/2. 
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III. DEVELOPMENT OF AN ANALYTICAL PROCEDURE 

Figure 10 shows the heater used in the oxygen PRSA tank. Two heaters 
are used per tank. The first task was to model the heater by a suitable 
geometry. 

The heating elements are soldered to the inside of a cylindrical pipe 
of inside diameter 3.46 inches a.nd 0.020 inches thick;. The length of .the 
cylinder is 27 inches. The set of heating elements have a total length of 
312.75 inches and an outside diameter of 0.187 inches. 

The geometry selected to model the heater was that of a cylindrical 
pipe of the same outside and inside diameters, but with, an outside area 
which accounted for the holes in the wall of the actual heater. The area 
of the heating element on the inside of the actual heater was considered 
as equivalent to that of a finned surface so that on the model the inside 
area was considered to the sum of the net inside area of the actual 
cylindrical surface., and the surface area of the heating elements. The length 
of the cylindrical surface of the model was assumed to be the -same as. that 
of the actual heater. 

This model v/as used for the first part of the heating process while the 
liquid adyacent to the heater surface was being brought to a saturated 
liquid condition. The surface area of the heating elements was used as 
the heat transfer area during the boiling process. The value of the thermal 
capacity of the heater (me) was determined from tests carried out on the 
tanks and described in Report No. BR16369 (8). In these tests, the heaters 
were turned on while the inside of the PRSA tank was held under vacuum. The 
heaters were started from ambient temperature and the time req^uired for them 
to reach a temperature of +350°F was noted. Using the information provided 
by the temperature - time histories, the heat capacity was determined to 
be 1.1 BTU/°R. 



FIGURE 10. Heater Assembly 
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The next task was to develop a simple iterative procedure based on an 
energy balance to describe the heat transfer phenomena while the liquid was 
being brought from a subcooled state to a saturated one. The worst-case 
possible was conceived, i.e., one in which. neither convective motion nor 
radiation assist the rate of heat loss from the surface of the heater. 

Conduction into a fluid surrounding the heater was the only mechanism considered. 
Details of the procedure are given in Appendix A . 

The following task was to select appropriate correlations to determine 
heat fluxes during the various regimes of the boiling phenomena, while the 
fluid was being brought from a subcritical condition to pressures above the 
critical pressure. These were to be used in an iterative procedure similar 
to the one already mentioned above. The correlations used for the determination 
of the heat fluxes were discussed in a previous section of this report. 
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IV. WORK ACCOMPLISHED 

The first aspect of the work consisted of becoming oriented with 
the problem and the details of the tank, heater, etc. This was followed 
by a literature survey on aspects pertinent to the task. 

As already mentioned, an iterative technique based on an energy 
balance at the heater was devised and used to devised and used to describe 
the phenomena occurring while the fluid was being brought from a subcooled 
state to a saturated one. A computer program was prepared to carry out 
the iterations. Several subroutines were prepared to interpolate the 
values for the properties as given in the tables in a manner suitable 
to the requirements of the equations used. Similarily, a computer 
program for the nucleate and film boiling regimes of the boiling curve 
was also prepared with the proper subroutines to evaluate the values of 
the properties. Partial results from the computer outputs are shown in 
Figures 11 and 12 for power inputs of 0.58 kw per heater (the two 
heating elements of the heater on) and 0.29 kw per heater (one heating 
element of the heater on). 

They show that if the tank is completely full of liquid, the 
pressurization process takes about 15 minutes for the case of full power 
supplied to the heater and 30 minutes for the case of half power. The 
temperature of the heater follows closely above the saturation temperature 
of the fluid at the particular pressure prevailing at a given instant of 
time. The temperatures during heater operation were well below the safe 
operating limit 350°F. 

Figure 13 shows the results from the computer output for the case 
of 90% fill by mass. Most of the energy supplied (about 90%) was used 
to collapse the bubble of vapor. It took about 110 minutes to collapse 



FIGURE n PRESSURE AND TEMPERATURE TIME HISTORIES 
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FIGURE 12 PRESSURE AND TEMPERATURE TIME HISTORIES 
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the bubble and an additional 15 minutes to pressurize the system to 
the critical state pressure. The maximum temperatures during heater 
operation were also well below the safe operating limit of 350op. 
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V. LIMITATIONS OF THE PROCEDURE 

The assumption of a linear temperature gradient during the first portion 
of the heating process, when the fluid is being brought to saturation was done 
arbitarily. However, the thichness of the layer of liquid involved during 
the process turned out to be small (''^.15) so that the assumption is 
justified. 

The heat flux rates for the boiling regimes (and thus their correlations) 
are for steady state conditions. By taking small intervals of time one expects 
to approximate the actual process by a quasi-steady one. 

Experimental data on heat transfer at low a/g levels is limited, specially 
as a/g o. 

The values of the heat capacity as well as the emissivity of the heaters 
were assumed constant. 

It is recognized that the heat capacity of the heater will be a function 
of temperature. A refinement to the procedure would be to include its variation 
throughout the range of temperatures of interest. 

Although emissivity is also a function of temperature, analysis of the 
results indicated the process did not involve a range of temperatures in which 
radiation is as mayor contributor. 

Volumetric changes of the tank and heat leak were not considered. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

The results of this work indicate that the pressurization of liquid oxygen 
from a subcritical to a supercritical state by the use of the heaters of the 
PRSA tanks while in a low-g environment is feasible. 

The heat transfer rates observed during the analysis were so high that 
modeling of the heater as a cylindrical pipe as explained previously could be 
modified. This model assumed that the heat would be conducted to the cylindrical 
pipe of the original heater as the heating elements were turned on and from 
this surface into the fluid. The other extreme case would be to consider that 
the heat flows from the heating elements into the fluid and that the cylindrical 
structure to which they are welded be considered just as a supporting structure 
and not as a heat transfer area. It is recommended that thistype of model 
be adopted and the results compared with the previous one. It is most likely 
that the actual behavior lies between these two extremes'. 

It is recommended that the analysis be extended to consider fill percen- 


tages less than 100%. 



APPENDIX A 
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Analytical Model for the Conduction Dependent Heat Transfer Phenomena 
While a Subcooled Liquid is Brought to a Saturated State Under a Low-g Environment 

Consider a section of cylindrical pipe with a fluid in contact with, 
the outer and inner surfaces as shown in Figure 14. Let r.j and r^ be the inner 
and outer radii respectively, of the pipe. Consider the fluid to be free 
of convective motion and radiation heat transfer negligible so that the heat 
transfer between the surface and the fluid is essentially through conduction. 
Assume that at time t = 0, the pipe and the fluid are at the same temperature, 
Tq. Consider that from time t = 0 on, heat is generated in the pipe at a 
rate P by sending an electric current through the pipe. The heat generated 
within an interval of time t would be Pt. If we assume that initially this 
energy goes into raising the heater's temperature by an amount aTj^, then 

pt = Cmc)^ aT^ 

where m is the mass of the heater c its specific heat, and the subscript 
h denotes heater. From the above equation 

This increase in temperature of the heater above the temperature of 
the surrounding fluid will establish a tmeperature gradient throughout the 
fluid close to the heater and heat will flow from the heater into the fluid 
as shown in Figure 15 . The amount of heat flowing into the fluid is given by 

kAo (f[h) t 
Xq 

for the external surface of the heater. Ao is the external area and x^ is 
the thickness of the layer of liquid into which heat has been able to flow 
during the interval of time under consideration. (aT|^/x^) represents 
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FIGURE 14. Cross section of the cylindrical 
pipe and fluid cores. 


LIQUID HEATER ^WALL 



FIGURE 15. Temperature gradient within the 
liquid. 
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the temperature gradient within the layer and it has been assumed linear 
arbitrarily. The temperature gradient at the wall of the heater, when 
multiplied by the thermal conductivity of the fluid evaluated at the temperature 
of the heater surface and by the external area of the heater will give the amount 
of heat that flowed through conduction into the layer of fluid. If this energy 
is subtracted from the energy generated by the heater during the inverval 
of time, i.e. , 

Pt - (kAo ^^h ) t 
Xo 

this energy, in addition to the one generated in the next interval of time will 
be available to increase the heater's surface temperature in the next 
interval of time. 

To determine the thickness x^, an energy balance between the heat flowing 
through conduction into the layer and its energy content can be written as: 

energy in the layer = total heat that has gone into the layer from time 
t = 0 to the time interval in consideration 

The energy in the layer is given by 

m^c^ aT ^ 

where the subscript f refers to the liquid'in the layer. 'The-masstm is given by 

"’f " '-Pf 

where r is the radius of the external limit of the layer into which heat 
xo 

energy has gone, L is the length of the heater and is the bulk density of 
the fluid in the layer. Thus, the energy in the layer is given by 

'-Pf 
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From this balance, can be determined, x is then, 

xo 0 

In the procedure one has to initially assume a value of xo for the conduction 
equation, xo is determined from the above equation and if different from the 
assumed one, an iterative procedure is used to correct for it. The value of 
xo to be Used for each cycle of the iteration can be determined from 

X “X "f* (x ""X ) 

°new °old ^obtained °old 

2 

until the difference between the assumed xo and the given xo is less than a 
predetermined amount. A similar method can be used to determine the energy 
in the layer adjacent to the inside surface of the heater. In this case 

U1 = n(r,!' - r^,2) (^) 

On each cycle, i.e., every time a new interval of time is considered, 
the pressure and other properties of the fluid are evaluated from the 
internal energy of the system. In this case it is necessary to consider the 
total internal energy of the system which is given by the initial internal 
energy of the fluid plus aU where the fact that two heaters are supplying 
energy must be considered. Thus 

As an example of how the procedure works, consider that initially 
the fluid in the tank as well as the heaters (which are off) are at a 
temperature of 172°R and a pressure of 45 psia. Assume that at time t = 0 
the two heating elements on each heater are turned on and that the electric 
power supplied to one heater is 0.58 kw. Consider a time interval of 1 second 
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The energy converted to heat is this second is where ro = outer radius 

of heater = 1.75 inches. 

L = length of heater = 27/12 feet 

and where and c^ are evaluated at To + ” 172.25°R 

Solving for xo gives 

xo = 1.76 inches 


and 


xo = r^Q ■ ~ inches 


A new xo is selected to repeat the procedure 

xo_... = xo. • 


new ' “assumed ^ r°btained ' . “assumed) 


xo 


= 0.04 + 


new 


= 0.02 inches 
new 

Repeating the above procedure with the new value yields a 

■ /AT 


kAo (^‘h)t = 0.010 BTU with r = 1.77 inches 
xo 

xo = 1.77 - 1.75 = 0.02 inches 


which checks with the assumed one. By the same procedure, the energy, 
transfer to the fluid at the inside surface of the cylindrical pipe is 
determined to be 0.016 BTU with x^- = 0.026". This energy when multiplied by 
2 (due to the fact that there are two heaters) represents the increase in 
internal energy of the fluid within the tank and is used to determine the 
pressure existing at that instant and the corresponding saturation temperature. 
The energy remaining in the heater for the next period of time, from the energy 
generated in the period under consideration is 

0.55 - (0.010 + 0.016) = 0.52 BTU 


This amount added to the 0.55 BTU which will be generated in the next 
period gives atotal of 1.07 BTU available to raise the temperature of the 
heater to a new Tj^ from its initial value of To. If one now considers a , 



period of two seconds, the energy available to raise the heater temperature 
would be 1.07 BTU giving a aT^ = = 97 BTU/°R, a heater temperature = 

To + aTj^ = 172.0 + 0.97 = 172.97°R, and a fluid bulk temperature = To + 

aT^/2 = 172. 5R. With a gradient aT^/xo, the heat flowing from the outer surface 

of the heater during the second interval is determined to be 0.009 BTU 

with an xo of 0.025". Similarily, for the inside surface, theheat flow is 0.011 

BTU with an xi = 0.034". The total energy conducted during the second 

interval to the fluid is 0.009 + 0.011 = 0.020 BTU. This amount added to the 

one of the first interval gives a total of 0.04 BTU which represents the increase 

in internal energy of the mass of fluid up to that instant. The process 

is repeated until saturation conditions exist for the fluid adjacent to the 

heater. 
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Abstract 

The first part of this report consists of a feasibility study on 

utilization of micro-carrier beads in a fluidized bed. Preliminary 

estimates indicate that HEK might be successfully grown on 150 micron beads 

near the upper range of fluidization, about 30-50% terminal velocity. 

2 

Studies also Indicate shear rates at approximately 0.1 dyne/cm , Stokes 
Law governing ^ and Sherwood numbers of about 2. 

The second part of this report Is an analysis of the diffusion 
equation for Incompressible flow with first order chemical reaction for a 
spherical shell. The boundary conditions are peculiar to the problem. 
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Preliminary Estimate as to the Feasibility of Fluidizing Spherical Microcarrie rs 

•-S ^ 

Consider 150x10 m diameter beads of density 1040 kg/ra"’ In a fluid of 

-3 3 2 

viscocity 1x10 kg/m-s and a density of 1000 kg/m at a "g" of 10 m/s . 

Then 

= g (Pp - p) Dp^/(18y) = 

10 m/s^ X (1040-1000) kq/m^ x (ISOxlO'^m)^ = 5 x 10"^ ra/s 
18 X 1x10"^ kg/m-2 

n II P 

checking Re • p t 
y 

_ 150x10"^ m X 5x1 0~^ m/s x 1000 kq/m^ 

1x10“^ kg/m-s 

= .075 supporting the Stokes Law assumption at u^. Also, the 

velocity of incipient fluidization - u^/91.7 = 5x10"^ m/s t 91 .7 = 

6 3 

5x10“° m/s then the maximum shear stress (at u^) = ^ ^^t sin 0 

kg R 

= 3 X 0x10“^ nws) X (5xl0~^ m/s) sin 90° 

150 X 10“® m 

2 2 

=0.01 N/m = 0.1 dyn/cm , hence there Is 
probably no problem with shear In this range. 

Now let us analyze shear stress 0 Vom In a fluidized bed. ref: Unit 

« 

Operations of Chemical Engineering - McCabe and Smith (1976) 3rd Edltlon^from 
Fig. 7-9 

Dp = 150x10“® m X 39.37 in/m = 5.91x10“^ in. say 0.006” 
then = 0.45 and - ^ = |- 0-e^) (pp - p) 

10 m/s ^ (1 .-.45) (1040-1000) = 220 N/m^ 

“ 1 m _3 

2 2 
If S = X-sectlon m and A = surface area of particles m . Assuming 

that a shear stress distributed equally over the surface area of the 
particles suspends them, and that the pressure drop Is due to the viscous 


ORIGINA^L 
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2 


dissipation to the particlej^then 
^ ) LS = tA 

weight of bed « frictional force 
consider the volume V = LS then 



where n is the number of spheres then 
n , 6 (l-e„) 


lTDp3- 


and 


Y - ^ X n Dp^ 


n 


6 


Since A * y (LS) 

(” LS * T 


[6(l-tJ] 


m‘ 


LS 


and T . (. rr^7 = 220 X 

m 


IM 

= 0.01 N/m^ =0.1 dyn/cm^ 
same as max 6 u^ 

in fact a range of 5x1 0~® to 500x10"^ m/s seems practicable, now let us 
consider 0^ supply. 

Use H^O at 300K with a u of 1 cp pgg == 1*1A g/cc re Lange 9th Edition then 
from eq 22-24 McCabe and Smith 


0 . 7.4x1 0"^ (2.6xlS)^^^ X 300K 
^ ^ cp X (|^ X 32 ^)*® 

= 2.05x10“® cra^/s 
= 2.05x10“® cm^/s x (lm/100 cm)^ 
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» 2.05x10’^ m^/s 
From Fig. 22-6 McCabe and Smith 


N 


RE 




kg. 


= n X (150xl0’®m)^ X 1000 ^ x 5x10'® m/s 

T~EaI 

1x10 m-s 
= 1.33x10“^ LOW 

consider data for single particle only evaluating the Schmidt number we get 

-3 

1x10 ^ m-s 


^c “ ^ * 1000^ X 2.05x10"® m^/s ‘ 


150xl0~^m x 5xl0~^m/s x 1000 kq/m^ 

* 1x10“® kg/m-s " 7.5x10 


Sh 


* 2+.6 Re^/® Sc^^® = 2+.6 {7.5x10"^)^/^ x (488)^^® = 2.13 


taking a conservative stance, we will estimate on the basis of the 
assymptotic condition of 2.00 over the entire range then 


k DpM 
P D.. 


2.0 


2.0 p 

and k = — 

DpM 

2.00 X 1000 kq/m® x 2.05x10"® m^/s 
“ 150x10“*’ m X .018 kg/mol 


mol 

= 1-52 

m -s 


number of particles in 5 g 
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5x10 _ l , ka ^ 2. 72x10® p 

1040 kg/m^ x 6 x (150x10"® m)^/p 
area of 5 g of particles 

= 2.72xl0®px n Dp^ = 2.72x10® p x n(150xl0"®m)^/p 
-1 ? 

= 1.92x10 in conservatively. 

Base absorption on carrier surface. 

Using data from Cell Culture and its Application, Acton and Lynn, 
Academic Press (1977) p. 592 for liver (in vitro) Og consumption is (Q) 

lo mol /lOO cm^2 , ^ 

= 6.25x10"'^ xM m ^ x 4 x 1.92x10"' 

cm -s 

= 4.81x10"® mol/s 

Assume re above reference Pq 2 in = 135T Pq 2 (pericellular) = 84T^ and that the 
effective driving force is lOS of the entrance driving forcci Then Ap = 0.1 
(135T - 84T) • 5.1Tj using H = 5.18x10^ atm/mf (Perry 3-98) = 3.94x10^ T/mf 
then 

5. IT 

" 3 94x10 V " 

in this dilution one may assume that mol fraction and mol ratio are nearly 
equal and 


mol 19 7 

Nq 2 = 1.52 m?Ts x 1.92x10"' m^ x 1.30x10"' 

= 3.79x10"® mol/s 

-8 

this is close enough to 4.8x10 mol/s to be considered for feasibility; if 
necessary, compensation can be made later by not innoculating all the beads. 

Conservatively estimating that the driving force of the effluent liquid 
is nearly the average, the Pq 2 (exit) = 84T + 5. IT say 90T then the Pq 2 loss 
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in the liquid stream is 
135T - 90T = 45T 
and the mol fraction change is 

451/3.94x10^ = 1.14x10-^ = mol ratio 

then 

o mol O2 o ”2° 

N HpO • 4.81x10'^ s = 4.22x10"^ s 
c mol O5 

iS3of-0 


or 


QHgO 


4.22x10' 


mol HgO 


.018 kg H^O ^ ^3 


mol H2O 


1000 kg H2O 


7.60x10’^ m^/s 


7 100 cm , 60s 

e 7.60x10’^ m'^/s x( m y x 1 min 

3 

“ 45.5 cm /min in range of pump. Velocity in 2.5 (I cm tube is Q/S 

7.60x10"^ m^/s 

I x (2.5 cm)2 X = 1.54x10’^ m/s 

This is again borderline in nature, we can still try the experiment in the 
range 5-500x10”® m/s. The chances that all the conservative assumptions come 
to fruition simultaneously is slight, and we still have the option of not 
innoculating all of the beads. It will require experimentation to resolve 
the problem. 




NOMENCLATURE 


Symbol 

A 

Definition 

Total area of particles in bed 

SI Units 
n.2 


Area of individual particle 

n.2 

“p 

Particle diameter 

m 

“v 

Volumetric diffusivity 

m^/s 

G 

Mass rate 

2 

kg/m -s 

g 

Acceleration of gravity 

m/s^ 

9c 

kg_~m 
• ’ N-s^ 

kq-m 

~ 2 ' " 
N-s^ 

H 

Henry's constant 

N/m^ 

k 

Mass-transfer coefficient 

2 

mol/m -s 

L 

Length of bed 

m 

M 

Average molecular mass 

kg/mol 

^H20 

Molar flow of water 

mol/s 


Molar flow of oxygen 

mol/s 

^02 

Partial pressure of oxygen 

N/m^ 

QH^O 

Volumetric flow of water 

m^/s 

R 

Radius of particle 

m 

Re 

Reynolds number 

none 
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s 

Cross-sectional area of empty pipe 


Sc 

Schmidt number 

none 

Sh 

Sherwood number 

none 


Terminal settling velocity 

m/s 

V 

Volume of bed 

m3 

m 

Vom 

Velocity of incipient fluidization 

m/s 

V 

Volume occupied by particles 


*u 

Volume of individual sphere 

n.3 

-Ap 

Pressure drop 

N/m^ 

AX 

mol fraction difference 

none 

S 

Porosity at incipient fluidization 
velocity 

none 

y 

Viscosity 

kg/m-s 

n 

3.1416 — - 

none 

p 

Density of fluid 

kg/m^ 


Density of particle 

kg/m^ 

T 

Shear stress 

(f/m^ 

9 

Latitudinal spherical coordinate 

c-7 

rad 
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Steady-state Radial Diffusion with First-order Irreversible Chemical Reaction 
in a Spherical Shell for Dilute in Compressible media 


Let us consider: 


irMv.vC^) =D/C^ + Ra (1) 

then -r^ * 0 because of the steady state constraint, dilution forces 


1, 

(v.vC^) to zero and A-— > B requires R, = -kC. . 

o a a 

2 2 
V 'n'-rr dr > 

r dr 

Since C^ = C^(r) only 

a a 

(2) 

^2 i <'■ dr ) -"'a = 0 

(3) 

let X = ^^7 t d''** P ' 

* Si 

(4) & (5) 

t"*" 7 ^ = 0 

(6) 

let 0 = f(xl/x 

(7) 

Id , d 

Ihen ^ dx (x^ dx ) - 0 = 0 

(8) 

ydf f 

1 d . 2 (^d3T) -f ) - 1 = 0 
and ^2 dx ^ 

(9) 

1 ^ (x df _ f =0 

or ^ dx dx X 

(10) 

differentiating 


1 r vd"f 4. df df f . 

T L ^ ri! ^ d7 " d7 J X ■ ° 
X dx 

(11) 


solving - f ■ 0. X # 0 


( 12 ) 



ORIGINAL PAGE fS 
OF POOR QuAtlf^ 


2 


and f = exp (x) + C 2 exp (-x) 

then > = C, SiSJii t Cj 

BC:1 


X = . P 


1 


Cl exp (X^) Cp exp (“X-.) 
then 1 = —rs ^ L_ 


'1 


'1 


BC:2 

@ X = Xg, dx = 0 

■ implying that no A crosses Rg boundary 

- r r x exp (x) - exp (x)- , . ^ r -x exp (-x) - exp (-x)n 
dx “ ^1 ^2 J + ^2 L ^2 J 


and 0 * [X 2 exp (X 2 ) - exp (X 2 )] + C 2 [-Xg exp (-X 2 ) - exp (-Xg)] 


then 0 = [exp (X 2 )][X 2 - 1 ] - C 2 [exp {-X 2 )] [X 2 + 1] 

or C, = Co (-X 2 )J CX 2 + 1] 

^ ^ [exF(X-)TTX2 ir 

C2 X2 + 1 

' exp (2X2) ^x^^nr^ 

substituting into (15) 


1 * 


exp (2X^ ^X 2 - H X^ 


2+1 exp (X^) C 2 exp (-X^ ) 


or 


1 = C2 ( 


(X 2 +I) exp {X^- 2 X 2 ) + (X 2 -I) exp (-Xi) 
(Xg-l ) X^ 


) 


(13) 

(14) 

(15) 


(16) 

(17) 

(18) 

(19) 

( 20 ) 

(21) 


( 22 ) 
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(Xg-D X, 

^2 * (X 2 + 1 ) exp 

substituting In (20) 

, . xi 


-t-AgJ 


M ” ^2^ 


i 

^X2-l e; 


(X^+T) X, 

“ (X 2 +U exp (X^) + (Xg-l 
Now let us consider 

7 i 3T ) - "'a ■ “ 


D. • o dCi 

7 i ('■ sr) ^ “ 


Since A 


then - ®a <) ,J '*^a, _ \ d , .2 '“'b, 
7 af dF' - 7 dF ' dF"' 


letting « D /D. , 0 = C. /C x 


V^b-'^V'e, 


and multiplying by x we get 


„ ^ ( x 37 ) = (x2 M ) 

-P Hv rlv f 


« .2 d0 » „2 ^ + r 
^ ^ dx dx ^ ^3 


^ d\ dx ^2 


-p0«e-— +c^ 


(34) 
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BC;1 X • X,. g = 0 


implying that no B crosses the boundary. 

A material balance at steady state then requires that 


D. 4n R 




r = Ri) = Dp 4n R^' 




. 2 d^/ X = X = X X = X 

^1 dx ' ^ n ^2 I dx I h 


P [X-j exp (X^) - exp (X-j)] + p C 2 [-X^ exp (-X-|)-exp (-X-j)] 




- P P » e, - ^ ^ 


hence 




The rate of production is then 

2 ‘“^al 

“a HtI '■"'>1 


<fFr 

a 


2 a a^ dx 


iifVT 


X = X, 


. 2 (c, exp Xn-exp X,) (-X, exp(-X, )-exp(-X, ) 

= D, C, [ C, — ! 1 + Cp— ! S - 

— - - - aaii z y, z 


VT 


Na = 4 iiD^ CX^exp X^-exp X ^3 + C2 C-X^ exp(-X^ )-exp{-X^ )] 


^r 



c 


1 


c 


1 
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(Xg+l) X, 

(Xg+r) exp + (X 2 -I) exp ( 2 X 2 -X-,) 

(Xg+I) X^ exp (-X^) 

{Xj+D + {Xg-l} exp ( 2 X 2 " 2 X^) 


CXp+l], [X,-l] X, 

C, exp(X^)[X^-l] TX^n'I^ Lx^J exp C2X2-2X,] 


.iviLl] 

^ (X 2 +I) exp (X,-2X2) + (Xg-D exp (-X^) 


(X,+1) (Xp-1) X, 

C 2 exp(-Xi) [X,+1] = (x^+i) exp (2X^-2X2) + (Xg-l ) 

then 


5 

(25) C2f) 

(45) 

(46) 

(25) 

(47) 



(48) 




NOMENCLATURE 

* ^2 ’ ^3 * ^4 

Constants of integration 


3 

Concentration of A, mol/L 


C, e r=R, 

S 

3 

Concentration of B, raol/L 


Volumetric diffusivity of A, L^/T 

''b 

Volumetric diffusivity of B, L^/T 

d 

Total differential operator 

f 


k 

First order rate constant, T"^ 

N 

Molar flow, mol/T 

'^a 

Molar flow of A, mol/T 

^a 

®1 

“a ® 


Molar flow of B, mol/T 

Nh 

Molar flow of B @ r = Rg 

R 

a 

Generation of A, 

L'^T 

R] 

Inside radius of spherical shell 

«2 

Outside radius of spherical shell 

R 

Radius 

X 


^1 

to 
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*2 


3 

Partial differential operator 

V 

“del" operator, L”^ 

9 

o 

O 

01 

Q 



9 [r = R,3 

P 


ir 

3.U 
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Abstract : 

I propose that anorthosite raassifs developed approximately 1.4 to 1.5 billion 
years ago along an arch which developed parallel to a zone of continental separa- 
tion as a block which included North America, Europe, and probably Asia separated 
from a block which included parts of South America, Africa, India, and Australia. 
Anorthosite massifs also foraasd at the same time along a belt which runs through 
the continents which comprise Gondwanaland (South America, Africa, India, Australia, 
and Antarctica. I propose that this was a zone of continental separation which 
subsequently became a zone of continental collision about 1.2 billion years ago. 

The northern anorthosite belt also parallels an orogenic belt which was active 
between 1.8 and 1.7 billion years ago. Perhaps heat generated during this mountain 
building period helped in the formation of the anorthosites. 

There are several other times in earth history when mountain building was followed 
by continental rifting, but no large anorthosite massifs developed during these 
times. The formation of anorthosite massifs may have required an additional input 
of heat from an outside source. It has been suggested that the moon made a close 
approach to the earth 1.4 to 1.5 billion years ago. This approach may have been 
the time of capture of the iBoon by the earth, or more likely represented the time 
when the irioon's orbit changed from retrograde to prograde. Tidal heating of the 
solid earth by the moon when it was within a few tens of earth radii of the earth 
may have provided additional heat required for the formation of anorthosite massifs. 
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Introduction : 

An anorthosite massif is a large, intrusive body consisting of more than 90% 
plagioclase feldspar, and tdfilch generally has the following properties: 

a) It has few if any compositional layers (Wiebe, 1978). 

b) The plagioclase ranges from An^^ to An^^, (Anderson, 1968). 

c) Their size ranges frora less than 100 sq. km to 30,000 sq. km (Anderson, 1968) 
This paper will first descriSae the tectonic environment of emplacement of the mas- 
sifs, then discuss the possible relationship of the emplacement of anorthosite 
massifs to the capture of tli® moon, and finally will describe my current thinking 
on the formation of anorthosite massifs. 

Tectonics of Emplacement of Anorthosite Massifs : 

A number of different tectonic environments have been proposed for the 
emplacemnt of massifs. These include: 

a) Adjacent to subdbctian zones (Emslle, 1973*, Dewey and Burke, 1973) 

b) Along an orogenic belt following the peak of metamorphism and deformation 
(Bridgwater and Windley, 1973) 

• c) Along an aborted (Morse, 1981) or incipient (Berg,, 1977; Wynne-Edwards, 1976; 
Bridgwater et al_, 1974) continental rift. 

d) Parallel to a zone of continental separation prior to the actual separation 
(Emslie, 1978) 

e) Parallel to a zone of continental separation during the actual separation 
Some of the difficulties with the above environments for the emplacement of 

anorthosites are: 

a) There is no evidence for the presence of a subduction zone during the time 
pf emplacement of most anorthosites (approximately 1.4 billion years ago 
as will be discussed later). Furthermore, some anorthosites (such as the 
Labrieville, Quebec anorthosite) are much to K-rich, have too high a Ti02 
content, and have too high an Fe/Mg ratio to be related to calc-alkaline 
magmatism (Emslie, 1978). 

b) Anorthosites occur in t&*o great belts when they are plotted on a Pangaea-type 
reconstruction of the continents (Herz, 1969). The more northerly of these 
belts runs front ^uthera California through the Adirondacks, southeastern 
Ontarioi Quebec, and Labrador to Norway and the Ukraine of southern Russia 
(Fig. 1). This belt parallels a 1.7 to 1.8 billion year old orogenic belt 
(the Penokean fold belt and its equivalents) (Fig. 2). However, there is a 
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large area between the Siaperior and Slave provinces and within the Labrador 
trough {both part of the Churchill Province) which was also part of a 1.7 
to 1.8 billion year orogenic belt, and this area contains no anorthosite 
or related rocks. This indicates that while a recently active orogenic 
belt may have assisted in the formation of anorthosites, there must have 
been some additional factor or factors controlling the emplacement of the 
anorthosite massifs. 

c) An aulacogen is one type of aborted or incipient continental rift. Aulacogens 
generally intersect a continental margin at a high angle, usually at a plume. 
Igneous activity along aulacogens, therefore, is generally along linear 
belts which may parallel eachother, but which would not parallel the edge 
of the continent. However, anorthosite massifs appear to be in a belt 
which parallels the edge of the continent formed by separation of North 
America and Europe frons Gondwanaland (discussed below). Anorthosite massifs 
could have formed parallel to a zone along which a continent attemped to 
rift, but as will be discussed below, rifting did occur either during or 
just after emplacement of the anorthosites. 

. d) and e) It is very difficult to determine which of these might be correct, 
but I believe that one of the two represent the environment in which anortho- 
site massifs were emplaced. 

A- comparison of apparent polar wander (APW) paths for North America and 
Gondwanaland recalculated for a Pangaea-type reconstruction of the continents 
(Fig. 3). indicates that North America and Gondwanaland were in contact with 
eachother 1.8 billion years ago and began to separate between 1.7 and 1.4 billion 
years ago (Seyfert and Sirkin, 1979). The exact time of the beginning of sepa- 
ration is not possible to determine from paleomagnetic studies because of the 
scarcity of paleomagnetic data in that time interval. 

When two continents begin to separate from eachother, sediments are deposited 
in geoclines bordering those continents. The sedimentary rocks of the Grand Canyon 
Sequence may have been deposited in such an environment when North America and Gon- 
dwanaland began to separate- The oldest sedimentary rocks in the Grand Canyon Se- 

(Seyfert and Sirkin, 1979). 

quence are approximately 1.4 billion years old^^ This date probably provides a 
minimum date for the beginning of separation of North America and Gondwaland. 
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This date is consistent with paleomagnetic data, and it is close to that of most 
anorthosites (Table 1). Thus, it is evident that the time of separation of the 
continents approximates the time of emplacement of most anorthosites. It is not 
possible at this time, however, to determine if the anorthosites were emplaced 
just prior to or during rifting apart of the continents. 

Support for the idea that the separation of North America from Gondwanaland 
was associated with the emplacement of anorthosite massifs comes from the observa- 
tion that the northern belt of anorthosites parallels the zone along which these 
continents were presumed to have separated. Direct evidence of the location of 
the zone along which the continents separated is very difficult to obtain. 

However, because the continents were joined together again following their 
separation, the zone of collision produced by their joining will approximately 
parallel the zone along which the continents separated. The boundary between 
rocks deformed during the Grenville Orogeny as the continents collided (Seyfert, 
1980) is located along the northwestern boundary of the Grenville Province 
(Fig. 4), which *rs more or less coincident with the Grenville Front. The northern 
belt of anorthosite massifs approximately parallels this boundary and its contin- 
uation in Europe (Fig. 5). 

Radiometric Dating of Anorthosite Massifs : 

•Radiometric dates on anorthosite' massifs range from 540 million years to 1650 
million years (Table 1). However, it is quite likely that a number of these dates 
do not reflect the actual time of emplacement of the anorthosites. A large -.number 
of the anorthosite massifs are located within the Grenville Province, a broad band 
of rocks which was metamorphosed and deformed about 1200 million years ago 
(Seyfert, 1980). These anorthosites were apparently affected by this deformation 
and -were recrystallized and granulated in some areas. Other areas, particularly 
within the larger bodies, show little if any affects of the deformation. It is 
possible that the anorthosites were emplaced during deformation (see e.g. Michot, 
1968), but I believe that it is more likely that the anorthosites were emplaced 
prior to the Grenville Orogeny (Emslie, 1978; Bridgewater and Windley, 1973; 
Stockwell, 1964). Well dated anorthosites in the Nain Structural Province 
have dates averaging approximately 1430 million years, but anorthosites which 
appear to be part of the same belt, but which are located in the Grenville Pro- 
vince give mostly younger dates, averaging about 1100 million years. It seems 
likely that these dates are not the time of initial emplacement of the anortho- 
sites, but represent a time of later heating. However, the date on the Mealy 
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Mountains Anorthosite in Labrador (this anorthosite is located within the Grenville 
Province) is older than the other anorthosites within the Grenville Province, and 
it is older than the other massifs outside of the Grenville Province as well 
(Table 1). Its date of 1650 could be older than its emplacement, but it is 
difficult to understand how this might occur. Possibly ziron which was used in 
the dating was inherited from its wall rock. Anorthosites and related rocks 
are notoriously hard to date by the whole-rock rubidium-strontium method, so 

the 1650 million year old date by that method on j|j5^z^^f|^s**^assoc1ale§'^w?lli°l^e^ 
might not be too reliable. It is interesting to note that the^anorthosites of 
the Larimie Range give a 1430j^20 million year old date using the uraniuii-lead 
method on zircon (which agrees with other dates on associated rocks - see Table 1), 
but the rubidium-strontium whole-rock dates on the monzonites range from 1290 
to 1950 million years (Table 1). Radiometric dates on European anorthosites 
from Norway may well have been affected by an orogenic event correlative with 
the Grenville Orogeny (Table 1 ). However, anorthosites in areas not affected 
by Grenville defonnation (such as the Main region, Larimie Range, and Chilka 
Lake India) all seem to give consistent dates of 1430 million years. It is 
my belief that anorthosite massifs were all emplaced within a very narrow 
time range at about 1430' million years. Even if they were emplaced over 
a broader time range, say 1200 to 1650 million years, it is still very difficult 
to understand why anorthosites massifs were not emplaced before or after that 
time, a time restricted to the -Middle Proterozoic. 

The Southern Anorthosite Belt : 

A belt of anorthosites in the Southern Hemisphere extends from southern South 
America across southern Africa, Antarctica, Madagascar, and India to central 
Australia (Fig. 6) on a Pangaea reconstruction of the continents. If, as it appears 
likely, the anorthosite belt in the Northern Hemisphere formed as a result of 
continental separation which was followed by a continental collision, the anorthosite 
belt in the Southern Hemisphere may have had a similar origin. I propose that a 
zone of separation of the continents ran through the southern anorthosite belt, and 
that the separation occurred approximately 1430 million years ago, at the same-time 
as the anorthosite belt in the Northern Hemisphere. This age agrees well with 
the date on the Chilka Lake Anorthosite (Table 1) of 1404 million years. 

Closure of the ocean formed as a resul t of this continental separation occurred 
approximately'llOO million to 1200 mill ion years ago judging by radiometric dates 
on metamorphic rocks along this belt (Craddock, Geologic Map of Antarctica; Seyfert 
and Sirkin, 1979). Presumably, a mountain belt formed along this zone at about 
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the same time as the Grenville Orogeny in the Northern Hemisphere. It should 
be pointed out, however, that there is not sufficient pal eomagneti c data from 
the southern continents to test the hypothesis of an opening and closing 
of an ocean within Gondwanaland during the Middle Proterozoic 1430 to about 1150 
million years ago. 

Relation of Anorthosite Massifs to Lunar Capture: 

Herz (1969) proposed that the emplacement of anorthosite massifs represented 
a unique event in geologic history. Radiometric dating of anorthosites since the 
publication of his paper in 1969 (Table 1) has lent further support to his proposal. 
If, as has been suggested by Emslie (1978), anorthosite massifs were emplaced in 
association with a rifting cfepart of two continents, why then are anorthosite 
massifs so restricted in tirae? Why were they only emplaced during the Middle 
Proterozoic during a time intaerval lasting at most 450 million years (10% of geologic 
time). 

Herz (1969) suggested that the emplacement of anorthosites represented a 
unique cataclismic event or a thermal event restricted to the Precambrian. He 
proposed that the birth of the earth-moon system or a series of meteorite impacts 
may have triggered the rise of anorthosites. I propose that the unique event was 
caused not by the birth of the earth-moon system, but a close approach of the 
earth arid moon as the moon's orbit changed from retrograde to prograde. 

Gerstenkorn (1955), based on a careful study of the moon's present orbit 
and calculating v/hat its past orbit must have been, proposed that the moon was 
once orbiting the earth in a retrograde orbit. Such an orbit would require that 
the moon spiral into the earth as a consequence of tidal interaction between the 
earth and moon. Gerstenkorn calculated that the moon's orbital plane increased 
in inclination as it approached the earth and that its orbital plane became inverted 
after becomming vertical with respect to the ecliptic. This "flip" of the moon's 
orbital plane would result ira a change of the moon's orbit from retrograde to 
prograde. 

Goldreich (1968) showed some flaws in Gerstenkorn's original calculations, 
and Gerstenkorn (1968; 1969) made new calculations indicating the posibility of 
capture from a polar or even a prograde orbit with very small perigee. Singer 
(1968; 1970) made similar calculations v/ith similar results. However, Alfven and 
Arrhenius (1976) state that '"formal objections to Gerstenkorn's original model do 
not necessarily mean that this is less likely to describe the general type of 
evolution (p. 461) 

Alfven and Arrhenius (1976) predict that if a spin-orbit resonance is established 
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between the earth and moon, the moon will not reach the Roche limit, which might 
have resulted in the disruption of the moon. Rather, a spin-orbit resonance 
would result in a minimum earth-moon distance of about 7 earth radii (Alfven arid 
Arrhenius, 1976, p. 463). 

The effects of such a close approach between the earth and moon would almost 
certainly be evident on the earth. Some of the effects expected would be an in- 
crease in igneous activity (due to tidal heating of the solid earth) and a strong 
increase in ocean tides. The generation of anorthosite massifs may have resulted 
from tidal heating by the moon during its close approach to the earth. There are 
a number other examples of igneous activity at approximately the same time as the 
emplacement of anorthosite massifs. Many large charnockites were intruded at about 
this same time, and these show evidence of having been emplaced into areas with an 
unusually high geothermal gradient (Saxena, 1977). This high geothermal gradient 
may have been produced, at least in part, by the close approach of the earth and 
moon. Furthermore, a very large .number of large granite bodies were intruded 
in a belt extending from Arizona to western Ohio (Herz, 1969; Seyfert and Sirkin, 
1979). What is remarkable about these granitic rocks is that they were emplaced 
into an anorogenic environment (Silver 1977). Almost all batholithic 

size granitic bodies are emplac'ed in erogenic environments, either. at or near 
a plate margin, or where two continents collide. In at least one area, the 
St. Francois Mountains of central Missouri, very large volumes of rhyolite 
were extruded at the same time (1400 to 1500 million years ago) as the anorogenic 
granites and anorthosites were emplaced. 

There are no well-dated sedimentary sequences known anywhere in the world to 
have been deposited between 1400 and 1500 million years ago (Seyfert and Sirkin, 
1979). It is possible that very large tides produced by the moon during its 
close approach may have prevented accumulation of sedimentary rocks on the conti- 
nents. It may be that most sediment was simply swept off the continents and 
deposited in the deep ocean basins. It is Interesting to note that there is 
fairly good evidence for unusually high tides during the Cambrian. In north- 
western Wyoming, there are large thicknesses of flat-pebble (limestone) conglo- 
merates in Middle to Late Cambrian deposits. These may have been produced as. a 
result of high tides churning up recently deposited limestone beds. 

I may be worth mentioning here that there is excellent evidence that 
large moons in the solar system have prabably been captured. The evidence comes 
from the retrograde rotation of a number of moons of the giant planets. In the 
solar system, there are six retrograde satellites (Alfven and Arrhenius, 1976). 
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These Include Jupiter 8, Jupiter 9, Jupiter 11, Jupiter 12, Phoebe, and Triton. 

24 

Triton has a mass of 135 x 10 grams, almost twice the mass of the earth s moon. 
However, it should be pointed out that Neptune^ about which Triton orbits, is much 
larger than the earth, and therefore it would be much easier for Neptune to have 
captured Triton than the earth to have captured its moon. 

Formation of Anorthosites : 

I have done a considerable amount of reading on the origin of anorthosites in 

« 

the hope that their origin might be of help in the understanding of what sort of 

heating the moon might have produced on the earth during the close approach of the 

earth and moon. In this regard, I have been only partially successful. It soon 

became evident that there was not the slightest bit of consensus on the origin of 

anorthosite in anorthosite massifs. There were at least 10 different groups. 

of theories on their origin as of 1968 (Fig. 7). 

I will not review here the various theories for the origin of anorthosite 

massifs, but will refer to the publication of the papers presented at the Second 

Annual George H.. Hudson Symposium held in Plattsburg, New York in 1966 (Isachsen, 

1968) and to several recent reviews (Duchesne and Demaiffe, 1978; Emslie, 1978; 

Ashwal and Seifert, 1980; Morse 1981). 

To give some idea of the various possible origins for anorthosites, I have 

prepared a list of "Problems associated with anorthosites." (Table 2). The number 

of possible combinations of factors which make up the formation of anorthosites is 

very large. I will not attempt to describe or discuss the various possibilities, 

but I would like to present my current thinking on the origin of anorthosite 

massifs. I have found that it corresponds very closely to the ideas of Buddington 

(1968), Some of the observations supporting my views are given in Table 3. 

I believe that anorthosite massifs originated by partial melting of the lower 

crust. This view contrasts with the views of most of the geologists working on 

anorthosites, but it is in agreement with Buddington's (1968) views. In support 

87 86 

of this origin, I would point out that the Sr /Sr ratios for anorthosite massifs 
are in the range from .703 to .706 (See e.g. Heath and Fairbairn, 1968). These 
values are higher than one would expect for mantle rocks of chondritic composition 
evolving for approximately 3 billion years (the age of the earth minus the age of 
anorthosites). This led Ashwal and Seifert (1980) to, suggest crustal contamination 

initial 87 86 

Of magma of mantle origin as a way of increasing^the Sr /Sr ratios. However, a 

major amount of crustal contamination would have to have been involved. The initial 
o7 86 

Sr /Sr ratios of rocks from the upper crust would probably have been higher than 
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anorthosite massifs, but it is quite likely that the lower crust had a lower initial 
ratio. One problem with a crustal origin for anorthosite massifs is that the Rb 
continent of most anorthosites is very low, too low in fact to have produced an 
initial ratio of .703 to .706. The low Rb contient might be explained by removal 
of a granitic component from the lower crust before formation of the anorthosites. 

The granitic component must have remained in the lower crust long enough to have 
increased the initial strontium ratio to its observed value. 

The Marcy Anorthosite has an € Nd of +5 (Ashwall and Wooden, unpublished manu- 
script). A positive ^ Nd indicates that the anorthosite was derived from a source 
which was depleted in light rare earth elements (DePaolo, 1981). Therefore, the 
Nd data is consistent with the model suggested here of depletion of the lower 
crust in a granitic component, a component which would have been relatively enriched 
in light rare earths. It should be pointed out- that because the density of the 
lower mantle is higher than that of the upper crust, it is generally assumed that 
the lower mantle is richer' in iron. and magnesium than the upper crust. It is quite 
likely that it go.t that way as a result of the removal of a granitic component. 

In fact, the intrusion of granitic batholiths into orogenic belts is a very common 
event, and it is likely that these granites were derived from the lower crust by 

07 Or 

partial melting. It should be pointed out, however, that the initial Sr /Sr 
ratios of many granitic rocks indicat'as that they were not formed by the partial 
melting of old crust, but the ratios are compatible with partial melting of sedi- 
mentary and volcanic rocks which were subducted shortly before partial melting 
of these deposits. The granitic rocks of the Klamath Mountains and the Sierra 
Nevada Mountains in California are excellent examples of granites formed in this 
way. Presumably, the lower crust beneath these granitic rocks has been depleted 
in a granitic component and has been enriched in iron and magnesium. It is also 
likely that the lower crust would be enriched in calcium and aluminum if the 
original crust (before partial melting) was rich in plagioclase, such as would be 
the case if the protolith were largely composed of metamorphosed graywackes. 

Crystals of plagioclase in many anorthosite massifs are bent and broken. Anortho- 
sites in the Grenville Province may have been brecciated and sheared during the 
Grenville Orogeny, but this characteristic texture is also present in unmetamorphosed 
anorthosites. It is quite likely that the plagioclase crystals were bent and 
broken in part during emplacement of the anorthosites. This suggests that the magma 
was largely crystalline during its emplacement. The magma may have been a crystal 
mush, a widely accepted model for anorthositic magmas. Separation of crystals from 
liquid magma might occur during rise of a crystal mush by a process of flow dif- 
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ferentlation (Bhattacharji and Smith, 1964). It is also likely that considerable 
fractionation by floatation of plagioclase crystals occurred within the lower crust 
prior to rise of the anorthositic magma. At pressures of the lower crust (approxi- 
mately 10 to 12 kilobars for the crust in which the anorthosite massifs were 
generated), plagioclase of composition AngQ is considerably less dense than a 
gabbroic liquid. At a pressure of 10 kb, plagioclase of An^g has a density of 
about 2.61 g/cc, while at the same pressure, a basaltic melt has a density of about 
2.74 g/cc (Kushiro, 1980). Many anorthosites have a margin (often chilled) of 
gabbroic or gabbroic anorthosite composition. These rocks roay represent the melt 
phase associated with a rising anorthositic diapir composed largely of plagioclase 
crystals. Gabbroic intrusions associated with anorthosites may also represent 
liquids squeezed out or separated by flow differentiation from a rising anorthositic- 
diapir. Most workers now believe that the associated granitic and syenitic rocks 
commonly found with anorthosites are not genetically related to the anorthosites, 
but rather were generated by partial melting of crustal rocks as a result of heating 
by the anorthositic magmas (see e.g. Buddington, 1968). 

Sunroary and Conclusions : 

I believe that anorthosites form v/i thin the lower cryst by partial melting 
of rocks previously depleted in a granitic component. Heating of the lower crust 
sufficient to melt such depleted rocks is rather uncommon in earth history, 
certainly on the scale represented by anorthosite massifs. A unique heating event 
was needed, and this event was a close approach between the earth and moon. 

This close approach produced tidal ly induced heating, which may have been concen- 
trated at the crust-mantle boundary (Ashwal , personnal communication). 

Rifting of North America and Europe from Gondwanaland roay have somehow assisted 
in either the melting or emplacement of the anorthosite massifs. An additional 
factor may have been heat generated during the orogenic event 1700 to 1800 million 
years ago, assuming that it takes more than about 300 million years for the 
heat from an orogenic event to be completely dissipated. 

The magma generated in the lower crust was either an anorthositic gabbro or a 
gabbroic anorthosite. Fractionation by floatation of plagioclase crystals v/hile 
the magma was in the, lower crust produced a magma of gabbroic anorthosite or anor- 
thosite composition. The^magma was largely crystalline as it began to rise, and 
there was additional fractionation by flow differentiation on the way up. When 
the anorthosite or gabbroic anorthosite reached the site of emplacement, it was 
largely crystalline, but it was surrounded by a more mafic border which was largely 
liquid on emplacement. 
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FIGURE CAPTIONS 


Figure 1 - Anorthosites in the Northern Hemisphere. From Herz (1969). 

Figure 2 - Anorthosites, rapakivi granites, and related rocks in the Northern 
Hemisphere. From Emslie (1973). 

Figure 3 - Apparent polar wander paths for North America and Gondwanaland recalculated 
for a Pangaea reconstruction of the continents. From Seyfert and Sirkin (1979). 

Figure 4 - Geologic Provinces for Ancestral North America. From Seyfert and Sirkin 
(1979). 

Figure 5 - Reconstruction of the continents showing that the belt of anorthosite 
massifs parallels the Grenville Front and its equivalent in Europe. The 
suture along which the continents of North America and Europe were joined 
to Gondwanaland 1.2 billion years ago is assumed to parallel this front. 

It is further assumed that this suture is essentially coincident with the 
zone along which the- continents of North America and Europe separated from 
Gondwanaland about 1.4 billion years ago. After Emslie (1973). 

Figure 6 - Reconstruction of Gondwanaland showing the Middle Proterozoic anorthosite 
massifs along with the location of a proposed suture formed when the northern 
half of Gondwanaland joined (collided with) the southern half of Gondwanaland 
1.2 billion years ago. It is assumed that this suture is essentially coin- 
cident with the zone along with northern and southern Gondwanaland separated 
from eachother about 1.4 billion years ago. After Seyfert and Sirkin (1979). 

Figure 7 - A summary of some of the principal theories proposed for the formation 
of anorthosite massifs. From Anderson (1968). 
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Fig. 1. Anorthosites of the Northern Hemisphere plotted on the North Atlantic recon- 
struction of Bullard and others (2). Anorthpsites referred to in the te^t; 1, Korosten, 
Ukraine; 2, Korsun-Noi'CKBdrgorod, Ukraine; 3, Suwalki, Poland; 4, Uisjoki, Finland; 
5, southern Norway; 6, So^th Harris. Outer Hebrides; 7, Gardar, .Greenland; 8, Kigla- 
pait-Nain, Labrador; 9, Mklhikamau, Labrador; lO. Lac St. Jean, Quebec; II. Adiron- 
dacks, New York; 12, Honeybrook. Pennsylvania; 13, Roseland, Virginia; 14, Duluth 
Minnesota; 15, Cambridge Arch, Nebraska; 16, Laramie Range. Wyoming; 17. Bitter- 
root Range, Montana; 18. Boehls Butte, St. Joe, Idaho; 19, San Gabriel Range, Cali- 
fornia; 20, Orocopia Range, California; 21, Pluma Hidalgo, Oaxaca, Mexico; and 22, 
Sierra de Santa Marta, CoBamibia. 
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FIGURE 9.4 Apparent polar warfder (A.P.W.) curves for North Arrrerica, Gondwanaland, and Europe ars 
recalculated for a Pangaea reconsbucticn of the continents by moving these continents along with their A.P.W 
curves to the positions which they occupied prior to the beginning of separation of the continents during the 
Mesozoic: (a) Comparison of the recalculated A.P.W. curves based on samples AIS to 0.2 billion years ole 
from North America and Gondv^analand indicates that these continents were together (or at least were no: 
widely separated) 1 .15 billion years ago, separated soon thereafter, and were rejoined about 400 million years 
ago. (b) Comparison of the recalculated A.P.W. curves based on samples 1.7 to 1.15 billion years ago frorr 
North America and Gondwanaland indicates that these continents wars joined together (or at least v/ere noi 
widely separated) 1 .7 biiiion years ago. separated soon thereafter, and were rejoined about 1 .2 billion years 
ago. (c) Comparison of recalculated AiP.W. curves based on samples 2.75 to 1 .7 billion years old from North 
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FIGURE 9.9 Geologic provincee of Ancestral North America. 
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Table 1. Age determinations on anorthosites and 

related rocks; m.y., million years. 

Site 

Age (m.y.) 

Notes 


Africa- Asia- Australia 

Southern Angola (22) 

1260^:90 

By Nicolaysen on muscovite in peg- 



matite with Rb/Sr. Considered 



minimum age for anorthosite. 

Upangwa, 

1712 ±70 

K./Ar date on muscovite (1720) and 

Tanzania (22) 


biotiie (1705) from leucocratic 



gneiss at Igawa; considered cor- 
relative with Ubendian. Anortho- 
site complex about 100 km away 



is also part of Ubendian system. 

Eastern Ghats, 

1300-1520 

. Dating ia thus tenuous. 
Emplacement of charnockites using 

India (24) 


whole-rock Rb/Sr ages. 

Musgrave Ranges, 

1390 ±130 

Nine pyroxene granulites for Rb/Sr 

Australia (22) 


isochron. 

Stanovoi Region (26) 

< 1800-2000 

Intmsion of anorthosites and syen- 

AJdan shield. 

> 1550-1600 

ites. 

Siberia (26) 
Dzhugdzhur Massif, 

2250 ± 150 

Pb*'/Pb*“ on two apatites from 

Siberia (27) 


anorthosite, 2260 and 2240 m.y.; 



Pb^/LF", 1580 and 1650 m.y.; 
Pb="7U“, 1900 and 1930 m.y.; 
2250 m.y. is from Concordia 
plot. 

Anabar Massif. 

1734 

K/Ar on hornblende from gabbro’ 

Siberia (23) 


anorthosite Irkutsk. 


North America — South America 

St. Joe (Boehls 

1200 

Age of sOI amphibolite considered 

Butte), Idaho (29) 


comagma tic with anorthosite. 

San Gabriel Range. 

> 1200 

Pb/U on zircon from cross-cutting 

California (30) 


pegmatite. 

Laramie Range, 

> 1335 ±30 

Sherman granite (1335) intrudes 

Wyoming (31) 

< 1715 ± 60 

anorthosite which in turn intrudes 

gneiss complex (1715). Whole- 
rock Rb/Sr isochrons. 

Cambridge Arch, 

> 1170, <1700 

1 170 is age of catadasis, 1700 is age 

Nebraska (6) 

prob. 1300-1360 

• of basement rock; 1300-1360 is 

Duluth Gabbro Complex, 

1115±15 

thermal event. . 

Pb/U Concordia on zircon concen- 

Minnesota (22) 

. 

trates. 

Canada (22) 

1370 

Date of Elsonian orogeny and an- 


orthosite emplacement. - ' 

Adirondacks, 

1125 ±10 

Pb/U ages on zircon. 

New York (34) 


’ 

Roseiand. 

1100 

Date on chamockitic rock about 

Virginia (22) 


110 km northeast of Roseiand, 

- 


• considered equivalent to chamock- 



iie at Roseiand (16). Pb/U ages 
on zircon are from 1070-1150; 
. Rb/Sr and K/Ar on biotite are 
890 and 800. 

Michikamau, 

1400 ±80 

K/Ar on biotile in cross-cutting 

Labrador (26) 


granite gave 1360 ±80 and on 

Kiglapait, 

1480 ± 50 

intruded metasedimentary rocks 
1520 ±85. 

K/Ar on biotite in granodiorite 

Labrador (27) 


intrusive. 

Sierra de Santa Marta, 

1380 

Rb/Sr isochron on DibuUa gneiss. 

Colombia (38) 


granulite facies. 

Cardar, 

1150-1335 

K/Ar on biotite from granite and 

Greenland (29) 


on phlogopite-talc from ultra- 

and (40) 

1250-1300 

basic rocks. 

Anorthosite xenoliths in Narrsaq 


gabbro of Mid-Gardar period of 
dike formation. Anorthosite itself 
gave 1025 on K/Ar in biotite and 
1075 on K/Ar in augite which 

South Harris, Outer 

Europe 
1450 ±30 

represents a later thermal event. 
Date is Sr/Rb on biotite from peg- 

Hebrides (41) 

1530 ±30 

matite intruding metagabbro 

, 


about 300 m from metagabbro- 
anorthosite gneiss contact. 

Southern Norway (42) 

> 1000 

Emplacement of para-anatectic 

PoUlasi': region. 

1250-1350 

anorthosites and cogenetic rocks. 
Chamockitic localities not given. 

. Poland (43) 


but this is same region as the 

Korosten Complex, 

1750 

anorthosite of Suwalki. 

Gabbro and rapakivi granites; 

Ukraine (44) 


“Labraddrites” grade into both. 

Korsun — Novomirgorod, 

1300-1500 

Alkaline gabbro and granite. “Lab- 

Ukraine (44) 


radorites" grade into monzonites 


and gabbros. 



TABLE - 2 


PROBLEMS CONNECTED WITH ANORTHOSITE MASSIFS 


1) Where did they come from? 

a) Crust 

1) Anorthositic primary crust 

2) Mafic lower crust 

3) Anorthositic gabbro primary crust 

4) Gabbroic anorthosite primary crust 

5) Garnet-plagioclase-pyroxene granulite residue from .. partial melting 

b) Mantle 

1) pyrolitic Iherzolite (such as garnet peridotite, spinel peridotite 

A) Garnet periddtite 

B) Spinel peridotite 

C) Plagioclase Peridotite 

2) Eclogite (garnet-pyroxene) 

A) Total melt forming basaltic liquid 

B) Partial melt forming Tiquid of composition 

I) Anorthositic gabbro 

II) Gabbroic anorthosite 

III) Anorthosite 

* » ^ 

2) What was the composition of the parent liquid? 

a) Basaltic (gabbroic) 

b) Anorthositic gabbro 

c) Gabbroic anorthosite 

d) Anorthosite 


3) to what degree was there , fractionation 

due to crystal settling near the site of melting (origin) 

a) Extensive 

b) Moderate 

c) Minor 

d) None 

4) To what degree was there factionation due to differing amounts of partial melting 
near the . site of melting (origin) 

a) Extensive 

b) Moderate 

c) Minor 

d) None 

5) To what degree was there fractionation due to crystal settling between the site 
of melting and the site of emplacement (such as at the crust-mantle boundary) 

a) Extensive 

b) Moderate 

c) Minor 

d) NOne 

6) To what degree was there fractionalion due to flow differentiation between 
the site of melting and site of emplacement 

a) Extensive 

b) Moderate 

c) Minor 

d) None 



7) To what degree did the formation of anorthosite (more than 90^) Plagioclaee) 

form as a result of fractionation by crystal settling after emplacement? 

a) Extensive 

b) Moderate 

c) Minor 

d) None 

8) E What was the compositeoji of the liquid, solid, or mixture immediately after 
emplacement 

a) Basaltic (gabbroic) 

b) Anorthositic Gabbro 

c) Gabbroic anorthosite 

d) Anorthosite 

9) What is the tectonic environment of emplacement of anorthosites? 

a) Rift zone 

1) Aulacogen associated with continental separation 

2) Intercontinental rift not connected with continental separadfion 

b) Subduction Zone - on the margin of a shrinking ocean 

c) Above a plume, below a hot spot 

d) Rift zone parallel to a developing continental margin 

formed as two continents separate 

e) Collisional zone where two continents are colliding 

10) Why are anorthosite massifs restricted to the Middle Proterozoic 0*7 to 1.2 
billion years ago) for the most part - This is 10% of geologic time 

a) Related to close approach of the moon to the earth following lunar 

capture 

b) Higher heat flow during the Precambrian and therefore a thinner lithosphere 
, c) Other 

11) What is the depth of emplacement of anorthosites? 

0 TO 20 30 40 50 60 70 km 

12) In what crustal level are anorthosites emplaced? 

a) Upper crust 

b) Middle Crust 

c) Lower Crust 

13) What is the relationship between anorthosites and:these associated rocks: 

a) Granite-Charnockite rocks 

1) Anorthosites fractionated from Granite 

2) Grantites fractionated from Anorthosite 3) Anorthosites caused melting of gr. 

b) Syenite-Monzonete-Mangerite 

1) Anorthosites fractionated from syenite 
Syenites fractionated from anorthosite 

3) Anorthosites caused melting of syenites 

c) Gabbro-Troctol ite-Nortte 

1) Anorthosites fractionated from gabbro 

2) Gabbro fractionated from anorthosites 

3) Anorthosites caused melting of gabbros 

4) Gabbros caused melting of anorthosites 



TABLE - 3 


IMPORTANT "FACTS" TO CONSIDER WHEN WORKING ON . ORIGIN, EMPLACEMENT ETC. OF ANORTHOSITES 

L) The average composition of anorthosite massifs is either an anorthosite (An^g) 
or gabbroid anorthosite 

2) Chilled margins have been reported for some massifs - sometimes composed of gabbroic 
anorthosite or anorthositic gabbro?? 

3) Little layering (compositional layering) is present, and cryjbtic layering is 
generally (always?) absent 

4) Crystals of plagioclase and pyroxene are often very large - up to 1 meter across 

5) Crystals of . plagioclase are often bent and broken, apparently during emplacement 

6) Crystals of plagioclase often show a strong preferred orientation (foliation) 

7) Anorthosite massifs are often very large up to 20,000 or 30,000 sq km 

8) Ti and Fe/Mg ratios do not resemble . calc-alkaline andesites 

9) Many massifs are 1.4 to 1.5 biTlon years old 

10) Rapikivi granites are associated in time and space with anorthoiite ipassifs 
Most are 1.4 to 1.5 billion years old - Many rapikivi granites are very large 

n) There was no known orogenic (mountain building, deformation, raetamorphism) 
episode 1.4 to 1.5 bi.llion years ago 

12) Anorthosites generally contain only anhydrous mafic minerals such as 
pyroxene and olivine. Furthermore, the apparently late differentiates (such 
as olivine gabbros) are also anhydrous 

13) The density of liquid and/or solid anorthosite will tend to be’ fairly high - 
certainly higher than a granite - This is important in the rate of rise of 
liquid or crystal/liquid mixtures 

14) The Marcy Anorthosite has an £ Nd of +5 

07 

15) )Typical anorthosite massifs have an initial Sr/86g^ of .703 - .706 
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ABSTRACT 

> 

One can use Landsat data acquired over an agricultural area along with 
ground enumeration of the same area to obtain crop acreage estimates which are 
better (as measured in terms of bias and variance) than can be obtained from 
either data source alone. Two basic approaches have been considered within the 
AgRISTARS program. One is a stratified crop acreage estimator, and another is 
a regression estimator. One would like to know which procedure is better for 
a given sample size of ground acquired data. A statement of the problem has 
been mathomatloally formulated and some theorems have been proved which relate 
to the variance of the two estimators. For a particular set of data, the 
regression and stratified estimators are compared in terms of certain easily 
computed parameters. 
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Introduction 

This report describes the problem of comparing two methods of combining 
Landsat data with ground enumerations to improve the precision of crop area 
estimates. The United States Department of Agriculture (USDA) has proposed 
a regression estimator obtained by regressing ground truth data against Landsat 
derived area estimates. Experimental results obtained with this approach over 
several states suggest that the variance of this estimator is 2-3 times smaller 
than that of the ground-enumerated estimator. Working with USDA, National 
Aeronautics and Space Administration (NASA) researchers have experimented with 
stratified crop area estimators, where again Landsat data is used to increase 
the precision of an ordinary ground survey estimator. 

While some comparisons between the two estimators have been done experi- 
mentally, an Insufficient amount of theoretical investigations has been done 
to understaml the fundamental characteristics of the two approaches. A good 
understanding of this problem should be a slgnf leant step forward in deciding 
how best to use satellite data in domestic crop acreage surveys. 

In the present work the problem is formulated mathematically and some 
theorems are presented which relate to the variance of the two estimators. In 
addition, the two methods are compared in terms of certain easily computed 
parameters tor a particular set of data.^ 

This Is a preliminary study, and much additional work will be done on this 
problem. A model can be formulated which will allow comparison of the strati- 
fied and regression estimators. This model can be implemented on a computer so 
that various simulation studies will contribute numerical insight. This approach 
should reveal important differences and similarities between the two estimates 
and thereby motivate further theoretical investigations. 

Statement of tlie Problem 

Suppose that we have allocated one-square-mile segments, each segment 
containing m pixels to the region to be sampled. Further consider that ^ of 
these segments have been enumerated by a ground observer; i.e. , for those 
segments we Know the class identity of each pixel. We assume that ^ is much 
smaller than H. 


The data set used consists of thirty-three segments in Northern Missouri. It 
is further desoribed in Amis, et al., 1981a and 1981b. 
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Each segment Is classified by classifying the pixels in a segment as being 
of crop 1 (the crop of interest) or of crop 0 (not the crop of interest). Also, 
for those n^ segments that have been observed from the ground we know, in fact, 
that each pixel is a crop 1 or a crop 0 pixel. The segments have been allocated 
using a simple random sample allocation rule. 

Keeping this sampling frame in mind, let us introduce some formal notation. 

Let X be a random variable of Landsat observations on a pixel contained 
within some segment. That is, we consider the multispectral measurements obtained 
using Landsat from a given pixel as being a realization of the random variable X. 
We denote an observation (realization) on X as X(w)=x, where X Is vector valued, 
i-e., XETR . 

Let H be a random variable of crop class labels. We denote a particular 
label as (2)(w) {0,l}. Whenever we have an observation X(w) , we also have 

an associated label, ®(w) , i.e., we have the pair (X(w), (S)(w)). However, we 
can always observe X(w) , but we cannot always observe (§)(w) . The values ®(w) 
are only known from field observations, i..e, they are known in the n one-square- 
mile segments which have been enumerated by a ground observer, but not elsewhere. 

We assume that we have a classifier that can classify each pixel as either 
crop 1 or crop 0. We denote that classifier by the symbol $. Given X we have 
$(x) E {0,l). Wc can think of $(X) as an estimator of based on Landsat 
observations. 

We are now in a position to formulate our estimators of the proportion of 
crop 1 in the sampling frame. 

We will call the estimator denoted Pg the poststratif ied estimator, since 
stratification takes place after selection of the segments of the simple random 
sample. Given the sample (X^, » i“l» 2, ...» n from the ground observed 

segments and given the sample Xj, j *= 1, 2, ...» N including the rest of the 
segments, let 
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n‘m 

<■1 i i 1 N'ln 

n^i ’ WTra ^ 

E $(X.) 
i=l 


n*m 


Z ®^(1 - $(X^)) 


i-1 


n-m 


N*m 


z (1 - $(xp) 

i=l ^ 


N*m 

Z (1 - 
j=l 


$(Xj)) 


( n-m 
n.m 


1(1 - A) 


( 1 ) 


where A(w),« j 1 when $(X^(w)) = 1 for some i and $(Xj^(w)) = 0 for some 1, 

i*“ Ij •••y n *m 


0 otherwise. 


Here the rnndom variable A is intended to take care of the case where the classi- 
fications are all either 1 or 0. Those are the cases where we have to redefine 
our estimator because our small sample (of size ii) all fell into one strata or 
another. We shall assume N is so large that the classifier working on the 
large sample will create two nonempty strata. 

We will call the estimator denoted P_ the regression estimator, and we 

fx 

develop its formula as follows. Given the n segments which have ground observa- 
tions , lot 

\ * m jjfi ® fk* ^ 2, . . . , n 

where we have introduced the additional index k to keep track of the segment. 

For the kth segment, represents the proportion of that segment that is the 
crop of Interest xising field observations. We can consider k = 1, 2, ..., 
as an independent identically distributed (iid) sequence of random variables. 


n 



Similarly define 
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For the kth segment, represents the estimate of the proportion of that 
segment that is the crop of interest using the classifier. 

Thus for each ground observed segment we have the pair of random variables 
(Qfc, Sj^), k ■ 1, 2, n where is the exact proportion of the crop of 

interest and is the classified proportion of the crop of interest. 

We shall assume that the following linear regression model holds. 


Qj^ " a + k « 1, 2, ...» n (2) 

where 'v N(o,a^). Let _a and ^ be the usual least squares estimators of ^ and 
1^ respectively (computed over the ti ground observed segments.) Then we define 
the estimator of the proportion of crop 1 in the sampling frame to be 





a + 


.V , N 


(3) 


Note that is formed by summing over all of the segments, and a and b are 
formed from Just the ground observed segments. 


Questions of Interest 

Now that the statement of the problem has been mathematically formulated, 
here are some of the questions of interest. 

1. Are the estimators P_ and P_ biased or unbiased? 

S K. 

^ Av A ^ /V /s 

2. Is var(Pg) < var(Pj^) or var(Pg) > var(P^) or var(Pg) = var(Pjj^)? 

3. How do these variances compare with the simple random sample estimator 
variance, i.c. — the varlimce of 
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A. Can we compare the variance of P_ and — Z Qu terms of the 

R n k 

omission and comission error rates of the classifier and the proportion of 
the crop of interest present? That is, can we say that 

A - n 

var(P_) = R var( — Z Q, ) 

ev « IC 

k«l 


where 0 ^ R ^ 1 and R is a function of the crop 1 proportion and classifier 
errors only. 

In addressing these questions we will begin by considering two simple 
cases. The first assumes that the segments come from the same statistical 
population, that is, there are no statistical segment- to- segment differences. 
This case will be called the homogeneous stratum case. With this assumption 
pixel observations drawn randomly from any one segment are distributed the 
same as those drawn without regard to their segment location. In the second 
case we allow the segments to come from separate populations. This will be 
called the heterogeneous stratiim case. 


Homogeneous Stratum with Known Regression 

In this case we draw n iid random variables (ff) . , (X.), i=l, 2, ..., n 

X X 

and form the means 

“ , n n 

® - - Z ® . and $(X) = i Z $(X J . 

" i-1 ^ i=l i 

It can be shown (Heydom, 1981b) th^t for this case the correlation 
coefficient, R, relating the mean value ® to the mean value $(X) is related 
to the omission and comission error probabilities of the classifier and the 
proportion of the class of interest in the sampling frame. 

Hie variance of the regression estimator is 

var(E(Q)) * (1 - R*) var(Q) 

(1 - R^) var((g)) 
m 


Tlie follviwing results (Heydom, 1981b) are stated without proof. 


Given the stratified estimator, P_, it can be shown that 

lift 


var(Pg) - R^ var((S)) 




Another point to make in the homogeneous case with known regression is 
that we started with the model 

(S> - a + e4>(X) + 6 

showing that 

K«S)|<t>(X)) • a + BKX) 

which means that In the homogeneous case we have a linear regression when we 
group pixels Into segments and consider segment averages. 
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Heterogeneous Stratum 

Confllder the statement of the problem with the assumption that random 
observations from one sample segment can have a different probability distribu- 
tion from observations from another sample segment. 

It can be shown (Heydorn, 1981b) that to have a linear regression 


Q ■ a + bS + e 

(j)(X) has to be a sufficient statistic for P, the set of all probabilities of (§) 
given we are in a particular segment. We can denote a member of P as 

Pr( (g)»i|A-j), i=0,l; j = l,...,n 

where A indexes the segments. This means that a linear regression depends 
upon the classifier being able to take a region in which the proportions of 
crop across that region are "uneven" and stratify it so that within the 
stratum the proportions are "evenly" distributed. That is 

Pi-(- |4>(X) = i, A = j) = Pr(*|$(X) = i). 


Another point is that when we specify a value of S, we assume that this 
value gives us some information with regard to the sample segment that we have 
been obse.n'lng. If we know a segment proportion, as given by a classifier, 
then certain portions of the region have a higher probability than others of 
containing the segment. We call this condition an "uneven sample." 

✓S 

We now consider the variance of the regression estimator, E(Q). It 
can be sliowti (Heydom, 1981b) that for a sample of size n 

v.r(E(Q» . 


where 




J 


(&) 


nS 

Hi o(k) 


n-nS 

Ifco (k) 


nS n-nS 
nii(k)IIoi(k) 


VTT TT U— nS 

rni(k)no(k) 


and 


lljtCk) « R: (^'(X) =» j 1®= i, A«=k) 
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A Numerical Example Comparing the Stratified Estimator with the Regression 
Estimator 

In a recout study (Amis, et al., 1981b), the regression estimator was calcu- 
lated for six different crops of interest using 33 segments in Northern Missouri. 
There were 12 different regression runs for each crop. The runs differed in that 
there were three classifier procedures (Editor, CLASSY, MSG), cases where all 
33 segments were used for both training the classifier and estimating, cases 
where the 33 segments were divided into 25 for training and 8 for estimating, 
cases where a jackknifed test set was used, and cases where single date satellite 
acquired data ta compared with estimates from multiple date data. 

Using the true proportion (X), omission error probability (IIio), comission 
error probability (IIo x) and values computed in the Amis study, we used formu- 
las (A) and (5) to compute (1-R^), the empirical variance reduction factor for a 
regression estimator, and Ri , the theoretical variance reduction factor for a 
stratified estimator relative to a simple random sample variance. Ri was then 
adjusted to reflect a variance reduction relative to the segment proportion 
variances. We call this adjusted number Ri" and compute it according to the 
following formulas. 


In the stratified case we have: 

var ( © ) 


var (Pg) 


'■1 


m 


In the regression case we have; 

var (E(Q)) - (1-R^) var (Q) . 

Therefore to adjust Rx so that it will be relative to var (Q) , let 


kx 


var ( ®)/m 
var (Q) 


Then our comparison is in terms of 

1 -R' 


var (Pg) 
var (^) 
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The results £is tabulated In the appendix Indicate that for this set of 
data the stratified estimator results In a greater reduction in variance. This 
example is not typical however. A look at Table 8 in the appendix shows us that 
there is a large variation in the number of pixels per segment, which means that 
we have lost efficiency in the regression case, where pixels are clustered into 
segments. In another case where there was not such a large variation between 
strata, stratified estimation might not be better. 

Furthermore, for this numerical example, we did not have time to go back to 
the original data and using an average value for m when m varied may not have 
been legitimate. We would have liked more time to look at this example and 
others . 

Suggestions for Further Study 

Further studies will begin by developing a simulation model to investigate 
topics such as: 

a) Cases where linear regressions hold and cases where they do not. 

b) The variance reduction of the stratified and regression estimators as 

a function of segment-to-segment differences and classifier omission and comission 
probabilities . 

Hopefully, those studies will provide insight as to the major differences 
between the two estimators, and, perhaps, how to improve their performance. 

This will also provide a logic basis for further theoretical studies. Later 
theoretical studies shoxild consider the more difficult realistic cases where 
the regression parameters and the classifier parameters are estimated rather than 
assumed to bo known. 
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TABLE I - CURRENT PROCEDURE - TRAIN AND ESTIMATE ON 33 SEGMENTS 


(A) EDITOR ^R^.TITEMPORAL PERPORMANCE MEASURES 



True Pro- 
portion 

Omission 

Error 

Comission 

Error 

1-RSQ 

Ri 

Ri " * Ri 
*Factor 

Ri7 (1-R^) 

Corn 

0.101 

0.27 

0.37 

0.20 

0.95 

0.024 

0.122 

Wheat 

0.030 

0.71 

0.56 

0.62 

0.99 

0.069 

0.111 

Pasture 

0.392 

0.21 

0.46 

0.21 

0.89 

0.012 

0.058 

Soybeans 

0.275 

0.21 

0.33 

0.15 

0.82 

0.011 

0.077 

Woodland 

0.080 

0.53 

0.54 

0.38 

0.99 

0.021 

0.057 

Other Hay 

0.092 

0.78 

0.60 

0.80 

0.95 

0.030 

0.037 

(B) EDITOR 

AUGUST PERFORMANCE MEASURE 





Com 

0.101 

0.48 

0.55 

0.58 

0.99 

0.025 

0.044 

Wheat 

0.030 

0.66 

0.68 

0.73 

0.98 

0.068 

0.093 

Pasture 

0.392 

0.27 

0.52 : 

0.26 

0.95 

0.013 

0.050 

Soybeans 

0.275 

0.26 

0.37 

0.25 

0.89 

0.012 

0.049 

Woodland 

0.080 

0.58 

0.58 

0.56 

0.97 

0.021 

0.037 

Other Hay 

0.092 

0.92 

0.79 

0.98 

0.78 

0.024 

0.025 

(C) EDITOR 

PERFORMANCE MEASURE 





Com 

0.101 

0.74 

0.76 

0.93 

0.88 

0.022 

0.024 

Wheat 

0.030 

0.98 

0.88 

0.99 

0.82 

0.057 

0.058 

Pasture 

0.392 

0.32 

0.51 

0.42 

0.97 

0.013 

0.032 

Soybeans 

0.275 

0.33 

0.52 

0.39 

0.98 

0.013 

0.035 

Woodland 

0.080 

0.67 

0.65 

0.56 

0.96 

0.021 

0.037 

Other Hay 

0.092 

0.84 

0.64 

0.95 

0.92 

0.029 

0.030 



TABLE 2 - CLASSY PROCEDURE - TRAIN AND ESTIMATE ON 33 SEGMENTS 



True Pro- 
portion 

(Mission 

Error 

Comission 

Error 

1-RSQ 

Ri 

*Factor 

Ri 7(1-R^) 

Corn 

0.101 

0.27 

0.29 

0.07 

0.92 

0.023 

0.339 

Nheat 

0.030 

0.61 

0.58 

0.56 

0.99 

0.069 

0.123 

Pasture 

0.392 

0.24 

0.45 

0.16 

0.91 

0.012 

0.079 

Soybeans 

0.275 

0.18 

0.34 

0.11 

0.81 

0.011 

0.104 

Woodland 

0.080 

0.50 

O.SI 

0.28 

0.99 

0.021 

0.077 

Other Hay 

0.092 

0.73 

0.63 

0.52 

0.95 

0.030 

0.057 

TABLE 

3 - MSS CLASSIFIER PROCEDURE - TRAIN AND 

ESTIMATE ON 33 

SEGMENTS 

Com 

0.101 

0.34 

0.24 

0.15 

0.92 

0.023 

0.157 

Wheat 

0.030 

0.79 

0.40 

0.62 

0.99 

0.069 

0.111 

Pasture 

0.392 

0.14 

0.50 

0.24 

0.87 

0.012 

0.050 

Soybeans 

0.275 

0.16 

0.35 

0.15 

0.81 

0.011 

0.076 

Woodland 

0.080 

0.66 

0.47 

0.43 

0.99 

0.021 

0.050 

Other Hay 

0.092 

0.98 

0.47 

1.00 

0.93 

0.029 

0.029 


TABLE 4 - CURRENT EDITOR CLUSTERING AND CLASSIFICATION PROCEDURE 


(A) TRAIN ON 25 SEGMENTS 


Corn 

0.101 

0.25 

0.31 

0.09 

0.92 

0.023 

0.264 

Wheat 

0.030 

0.64 

0.66 

0.50 

0.98 

0.068 

0.137 

Pasture 

0.392 

0.33 

0.44 

0.12 

0.95 

0.013 

0.110 

Soybeans 

0.275 

0.16 

0.31 

0.14 

0.77 

0.010 

0.077 

Woodland 

0.080 

0-45 

0.50 

0.34 

0.99 

0.021 

0.063 

Other Hay 

0.092 

0-67 

0.71 

0.63 

0.94 

0.029 

0.047 

(B) TEST 

ON AN INDEPENDENT SET 

(8 SEGMENTS) 





Com 

0.101 

0.45 

0.42 

0.39 

0.99 

0.025 

0.065 

Wheat 

0.030 

0.67 

0.71 

1.00 

0.97 

0.068 

0.068 

Pasture 

0.392 

0.48 

0.47 

0.61 

0.99 

0.013 

0.022 

Soybeans 

0.275 

0.28 

0.63 

0.60 

0.99 

0.013 

0.023 

Woodland 

0.080 

0.72 

0.55 

0.12 

0.97 

0.021 

0.176 

Other Hay 

0.092 

0.60 

0.88 

0.76 

0.85 

0.026 

0.035 



TABLE 5 - CLASSY PROCEDURE 




Tme Pro- 
portion 

Omission 

Error 

Comission 

Error 

1-RSO 

Ri 

*Factor 

Ri7(i-: 

(A) TRAIN 

ON 25 SEGMENTS 






Corn 


0.101 

0.22 

0.30 

0.08 

0.91 

0.023 

0.293 

Wheat 


0.030 

0.64 

0.67 

0.42 

0.98 

0.068 

0.163 

Pasture 


0.392 

0.26 

0.44 

0.16 

0.92 

0.012 

0.079 

Soybeans 


0.275 

0.15 

0.31 

0.13 

0.77 

0.010 

0.083 

Woodland 


0.080 

0.49 

0.42 

0.23 

0.99 

0.021 

0.094 

Other Hay 


0.092 

0.67 

0.62 

0.42 

0.96 

0.030 

0.072 

(B) TEST ON 

AN INDEPENDENT SET (8 SEGMENTS) 




Com 


0.101 

0.44 

0.48 

0.60 

0.99 

0.025 

0.042 

Wheat 


0.030 

0.58 

0.53 

0.66 

0.99 

0.069 

0.105 

Pasture 


0.392 

0.35 

0.48 

0.56 

0.97 

0.013 

0.024 

Soybeans 


0.275 

0.29 

0.59 

0.29 

0.99 

0.013 

0.047 

Woodland 


0.080 

0.80 

0.55 

0.17 

0.96 

0.020 

0.122 

Other Hay 


0.092 

0.73 

0.87 

0.79 

0.79 

0.025 

0.031 



TABLE 6 - MSE CLASSIFIER PROCEDURE 



(A) TRAIN 

ON 25 SEGMENTS 






Corn 


0.101 

0.28 

0.24 

0.08 

0.90 

0.023 - 

0.289 

l^heat 


0.030 

0.83 

0.44 

0.51 

0.99 

0.068 

0.135 

Pasture 


0.392 

0.12 

0.46 

0.21 

0.82 

0.011 

0.054 

Soybeans 


0.275 

0.13 

0.32 

0.13 

0.77 

0.010 

0.083 

Woodland 


0.080 

0.67 

0.49 

0.44 

0.99 

0.021 

0.048 

Other Hay 


0.092 

0197 

0.59 

0.93 

0.89 

0.028 

0.030 

(B) TEST ON 

AN INDEPENDENT SET (8 SEGMENTS) 




Com 


0.101 

0.45 

0.45 

0.60 

0.99 

0.025 

0.042 

I'Theat 


0.030 

0.67 

0.36 

0.95 

0.99 

0.069 

0.073 

Pasture 


0.392 

0.23 

0.47 

0.61 

0.91 

0.012 

0.020 

Soybeans 


0.275 

0.25 

0.59 

0.33 

0.97 

0.013 

0.041 

Woodland 


0.080 

0.81 

0.53 

0.12 

0.96 

0.020 

0.174 

Other Hay 


0.092 

0.97 

0.70 

0.99 

0.83 

0.026 

0.026 



TABLE 7 - CURRENT EDITOR CLUSTERING AND CLASSIFIER PROCEDURE 


RESULTS FOR JACKKNIFED TEST SET OF 33 SEGMENTS 



True Pro- 
portion 

Omission 

Error 

Comission 

Error 

1-RSq 

Ri 

Ri"=Ri 

*Factor 

Ri7(1-R^) 

Com 

0.101 

0.32 

0.37 

0.25 

0.96 

0.024 

0.099 

Wheat 

0.030 

0.76 

0.74 

0.87 

0.96 

0.066 

0.076 

Pasture 

0.392 

0.37 

0.51 

0.44 

0.98 

0.013 

0.031 

Soybeans 

0.275 

0.21 

0.37 

0.29 

0.86 

0.012 

0.041 

Woodland 

0.080 

0.51 

0.59 

0.41 

0.99 

0.021 

0.052 

Other Hay 

0.092 

0.85 

0.80 

0.98 

0.80 

0.025 

0.026 



TABLE 8 - PURE PIXELS OF GROUND TRUTH BY SEGMENT 


Segment 

Number 

Corn 

Winter 

Wheat 

Permanent 

Pasture 

Soybeans 

Dense 

Woodland 

Other 

Hay 

6034 

5 

7 

45 

13 

0 

38 

6085 

0 

0 

165 

22 

0 

72 

6015 

31 

19 

30 

81 

0 

8 

6038 

0 

0 

0 

0 

0 

0 

6098 

0 

0 

310 

0 

0 

0 

6073 

27 

0 

41 

17 

77 

33 

9046 

0 

0 

99 

0 

47 

36 

6064 

0 

7 

46 

76 

40 

0 

6065 

29 

3 

28 

1 

0 

15 

6095 

0 

0 

0 

0 

0 

0 

9061 

86 

0 

0 

183 

0 

0 

9036 

5 

3 

36 

125 

0 

0 

6053 

0 

0 

40 

104 

4 

4 

6058 

12 

0 

0 

171 

2 

35 

9057 

0 

0 

108 

17 

14 

45 

9037 

17 

26 

79 

67 

2 

2 

9062 

8 

0 

251 

18 

30 

16 

9066 

0 

8 

0 

79 

0 

0 

6045 

6 

0 

340 

13 

0 

0 

9047 

59 

43 

42 

152 

3 

0 

6048 

53 

0 

7 

0 

62 

0 

9097 

6 

0 

12 

82 

1 

62 

9096 

37 

0 

0 

26 

39 

28 

6040 

9 

2 

124 

22 

8 

55 

6060 

0 

0 

0 

10 

3 

6 

6035 

51 

5 

84 

125 

0 

34 

9016 

93 

0 

0 

85 

0 

0 

9051 

0 

35 

145 

9 

115 

0 

6063 

22 

2 

31 

76 

16 

0 

6050 

34 

0 

182 

0 

0 

79 

9052 

39 

19 

26 

137 

0 

0 

6059 

0 

0 

115 

18 

44 

14 

9017 

22 

13 

141 

46 

7 

10 
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ABSTRACT 


Electromyograms (EMG) from working muscles convey 
information on effort and fatigue. Their application, 
e.g. to assess the demands of vehicle control tasks, 
is complicated by the cooperative action of sets of 
muscles, by both intrinsic and imposed filtering, and 
by numerous other sources of variation. Fourier 
analyses of these noise-like signals offer one approach 
to interpretation; downward spectral shifts accompany 
fatigue. Techniques are being sought (in both time 
and frequency domains) for further condensing the 
wideband EMG signals, while retaining essential 
information, into a concise "state vector" usable in 
comparing control system designs. Moments of the 
spectral distribution of power (computed from improved 
estimates of the spectrum), descriptors from zero-crossing 
analyses, and mechanical and systemic stress indicators 
warrant further investigation as contributors toward 
an optimal index of muscle performance. 
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INTRODUCTION 


The Crew Station Design Section, in particular the Design Performance Lab- 
oratory, is charged with anticipating the demands, which tasks performed 
during weightlessness and in spacesuits will impose on Shuttle crews. Tools 
and equi pment — for example, controls — will need to be optimally human- 
engineered for safe, efficient use. Further in the future, space construc- 
tion or repair during EVA will impose demands still more stringent — and 
harder to specify. 

Simulated space tasks can yield information for the system designers on 
the demands and effects to be expected. Obviously needed are measures of 
effort, fatigue, and alertness; as these conditions suggest, both physical 
and psychological effects should be monitored. Variables appropriate for 
indicating such conditions are electrophysiological ..activity, mechanical 
forces, and systemic stress indicators like galvanic skin response and 
heart rate. These primary measurands can be picked up from such unobtru- 
sive sensors as surface electrodes v/hile subjects perform simul ated -- or 
actual --work. They should prove useful not only in design-oriented 
tests but also, later, in feedback training and perhaps in providing early 
warnings of physiological limits during arduous space work. 

The primary measurands are, however, not directly usable. Instead they 
will yield derived variables, as discussed below. The objective is a ver- 
satile physiological index. Such an index is unlikely to be a single 
number; it will typically be a "state vector", analogous to the state vec- 
tors used in control system design. Its components (or their weighting) 
will be selected optimally for the application of interest, so its di- 
mensionality will match each intended use. 

PHYSIOLOGICAL BACKGROUND 


History 

Myoelectric studies -- investigation of electrical activity of muscles -- date 
back two centuries to Galvani's demonstrations (1786). DuBois-Reymond, in 
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1843, first clearly demonstrated electrical signals from human muscles; 
and this work was continued by such notables as von Helmholtz and Duchenne. 
Muscle physiology reached the point of recognition of the motor unit and 
its neuromuscular interactions just over 50 years ago (e. g,, with Adrian 
and Bronk). The foundation for electromyography was laid, and with more 
sophisticated electronics in the 1950s myoelectric research accelerated. 

By 1960 several groups had reported changes in EMG amplitude and wave- 
form indicative of fatigue, and several workers reported correlations of 
integrated EMG signals (lEMG) with force of contraction. 

The following decade saw rising interest. in the spectral analysis of EMGs 
-r first with filter-type analyzers and later with the fast Fourier trans- 
form (FFT). In the 1970s emphasis increased on elucidating the mechanisms 
for myoelectric changes and on applying the EMG to ergometric questions 
of effort and fatigue (as well as to diagnosis of neuromuscular disorders 
and to prosthetic rehabilitation).. 

Basic Neuromuscular Physiology 

The muscles of current concern are skeletal (voluntary, or striated) in 
type. Their cellular units, the muscle fibers, are under 100 micrometers 
in diameter; though usually smaller, they may be as long as 300 mm. Two 
chief kinds of fiber occur, in differing proportions, in various skeletal 
muscles. One, the "pale", "fast", or "phasic" fibers, shows, rapid but 
brief twitch responses and is used for precise movements. The "red", 
"slow", or "tonic" fibers respond slowly but with large twitches and are 
important for posture maintenance and other more leisurely contractions. 
Their high myoglobin content gives them superior endurance. (Interme- 
diate types also exist.) 

Groups of fibers, called motor units (MU), are innervated from a single 
motor neuron. A "spike" of electrochemical activity (wave of membrane 
depolarization) arriving down this nerve fiber evokes a similar response 
of depolarization in all the fibers belonging to one motor unit, result- 
ing in a mechanical twitch. Since hundreds of MUs cooperate in even a 
samll muscle the twitches, milliseconds in duration, blend into an 
effectively continuous contraction. 
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The electrical activity of a single MU firing — the MUAP (motor unit action 
potential )-- arises from ion fluxes causing a reversal of polarity across 
the cell membrane, followed by a prompt return to the original state (de- 
polarization and repolarization). These events propagate as a wave along 
each muscle fiber at 2 - 6 m/s. Electrodes in the vicinity of the moving 
wave of a single fiber sense the resulting currents as a diphasic voltage 
pulse; the potential swings up, then down, to perhaps +200 and -200 yuV, 
before returning to baseline levels. Similar pulses are being generated, 
concurrently, on the other fibers of the MU, and there is both spatial and 
temporal dispersion. Signals picked up by electrodes not actually pene- 
trating the fiber, therefore, are a summation which appears as a mono-, di-, 
or polyphasic pulse of 5-20 ms duration (typical ly ms)[DeLuca, 1979]*. 
When a muscle is contracting, developing sustained force, action potentials 
occur repetitively as "trains", or MUAPTs. 

At significant force levels, hundreds of motor units are producing MUAPTs. 
Remote electrodes (e. g., surface electrodes perhaps ^10 mm from the muscle) 
pick up the summation of myriads, of pulses in an "interference pattern". 

A physicist or engineer, viewing this activity on a scope, recognizes broad- 
band noise. (Amplified and reproduced by a loudspeaker, the sound is like 
rain on a roof.) The frequency spectrum and amplitude probability density 
carry information as to strength of contraction and as to the population 
distribution of motor units. 

EMG Changes wi th Increasing Force 

It is instructive to consider the changes in the EMG as the neural spike 
frequency increases (to increase the force of contraction) [Bouisset, 1973], 
The initially sparse MUAPTs become more frequent, as more MUs go into ac- 
tion; this is "spatial recruitment". Pulse intervals of the different 
MUAPTs are randomly distributed, so spatial recruitment makes the amplitude 
distribution of the EMG more nearly gaussian. When the "interference pat- 
tern" is fully established, there is both cancellation and reinforcement, 
among overlapping MUAPs, and the net distribution of amplitudes is quite 
gaussian. 

*References cited in this report are a selected, minimal set from a compi- 
lation of over 160 sources. This collection, with brief annotations as to 
coverage, can be supplied on request. 
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As more force is neural ly commanded, many MUs increase their firing rate; 
this change in the MUAPT pulse interval is "temporal recruitment". Often 
the proportion of larger MUAPs from the slow fibers increases. Some inves- 
tigators cite evidence for increasing synchronization — additive, interfer- 
ence -- among MUAPTs at high force levels. All these force-augmenting mech- 
anisms have only minor effects on the EMG signal spectrum but increase the 
average amplitude (measured as increased lEMG — integrated full -wave-recti- 
fied EMG voltage — or as EMG power). Several models whose behavior mimics 
that described lend support to this account of events [e. g.. Person and 
Libkind, 1970; Deluca, 1979; Piotrkiewicz, 1978; Miyano and Sadoyama, 1979], 

The EMG Spectrum and Fatigue Effects 

Fatigue develops vn’th sustained or repeated strong contractions; the time 
scale depends on the force level, the muscle types, subject motivation, re- 
sponsibility, and boredom. A quantitative index of physical fatigue, dis- 
tinct from the poorly quantifiable psychological factors, has been a goal 
of many investigators [e. g., Kadefors et al_. , 1973; Hjorth, 1973; Viitasalo 
and Komi, 1977; Drosin, 1977; Lindstrbm a].- , 1977; Kadefors £l- , 1978; 
Petrofsky, 1979]. Spectral changes (or their time-domain equivalents) are 
the best indicators thus far recognized. 

The EMG signal is band-limited, non-white (and, during fatiguing exertions, 
non-stationary) noise with a power spectrum dependent on 

— muscle size, composition, and distance from the pickup electrodes; 

— electrode size, spacing, and placement relative to the fiber axes; 

— temperature and chemical factorsof the tissue environment. 

Most of these variables can be held constant or chosen (as can amplifier 
input impedance) in a range where they have negligible effect on the spec- 
trum. As a result, EMG spectral analysis is a practical approach to 
fatigue monitoring. 

The power spectrum of the EMG signal extends from <10 Hz to >10 kHz, but 
most of its power (arid information) lies between perhaps 20. and 300 Hz, As 
the source is distributed in space and time — phase-dispersed, traveling 
waves on spatially dispersed muscle fibers — surface electrodes act as if 
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a filter is interposed between the summed-MUAPT source and. the output. 

This both gives surface electrodes a low-pass characteristic, relative to 
intramuscular (needle or wire) electrodes, and produces a differentiating 
effect which enhances high frequencies but reduces amplitude from closely 
spaced (e. g., 1 mm) differential electrodes [Kadefors, 1973]. 

With strip-form surface electrodes transverse to the muscle fibers, a fur- 
ther spectral feature may appear: a series of dips at harmonically related 
intervals in the pov/er spectrum. These arise from nulls in the response of 
a differentially connected electrode pair to moving-v-/ave sources, and their 
frequencies yield information on wave velocity [Lindstrdm and Magnusson, 
1977; Lynn, 1979]. 

When all the interfering variables are held constant, fatigue is found to 
skew the EMG spectrum toward lower frequencies. Several causes have been 
proposed : 

-- wave-velocity decreases due to ischemic effects (blood flow 
restriction), which causes depletion of oxygen and glucose 
plus accumulation of metabolic products (e.g., lactic acid); 

— shift of activity to the slow, tonic fibers which contribute 
lower frequencies; or 

-- velocity changes of thermal origin. 

Experiments best support the first two of these. 

Modi fyinq and Interfering Effects 

Numerous factors complicate the use of EMG characteristics to indicate 
fatigue and effort. 

-- Mammalian muscles are very diverse in size of fibers, in num- 
bers of fibers per motor unit, in proportions of slow .and 
fast fibers, and probably in thresholds for recruitment 
and synchronization. 

— Muscles occur in groups, with the result that (a) three or 
more muscles must be monitored for almost any task, and (b) 
the redundancy allows load-shifting among "equivalent" 
group members as a fatigue response. 
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-- Muscles may be loaded isometrlcally (constant-length), iso- 
tonically (constant-tension), or neither, with quite dif- 
ferent sensitivities of indicator variables. 

— Available force (maximum voluntary contraction) and fatigua- 
bility depend strongly on degree of muscle extension and 
on velocity of contraction. 

— Beyond the filtering effect of distance, the character of 
signal picked up by surface electrodes varies with their 
location (on the belly or near the ends of a fusiform 
muscle) and on location relative to fiber axes. 

— Intersubjeet variations occur, especially with training 

but also with motivation and other psychological factors. 

The consequences of these effects are extreme requirements for standardiza- 
tion in tests aimed at developing indicators of muscle performance, disparity 
among published results for different systems, and lengthy experimental pro- 
grams yielding data of restricted applicability. 

SIGNAL INTERPRETATION 
Directly Observabl e Characteristics 

With a minimum of processing, several features of the EMG signal are evi- 
dent. The integrated absolute value (lEMG) and the power (proportional to 
amplitude squared) are both readable, in a semiquantitative sense, from the 
oscilloscope pattern; and both tend to correlate with force. The ratio of 
a-c to d-c components can be observed roughly. The spectral distribution 
is crudely readable, especially at high sweep speeds, from the "jagged- 
ness" of the pattern; as low frequencies become dominant, the trace gets 
smoother. Rhythmic effects, associated v/ith tremor and perhaps synchroni- 
zation, may be evident. All these effects may be quantitated, where use- 
ful, by analog or digital computation and may be presented as real-time 
indicators. 

Spectral Analyses 

The downward skew in EMG power spectrum is a widely accepted fatigue indicator. 
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It has been summarized in several low-dimensional descriptors. One is the 
H/L ratio: the ratio between power in a high band of frequencies (e. g., 

62 - 100 Hz) to that in a low band (e. g., 12-50 Hz). This descriptor 
decreases steadily with isometric fatigue. Another one-dimensional de- 
scriptor is the mean power frequency (MPF), which splits the spectral power 
into equal high and low bands [Viitasalo and Komi, 1977, 1978]. It, too, 
decreases monotonical ly with fatigue. More detail has been sought by di- 
viding, the myoelectric power spectrum into 4-6 bands whose trends with 
work-time are compared. Commonly observed has been a falling trend in the 
highest band, a rise in the lowest as fatigue develops, and relative con- 
stancy for intermediate bands. Except for random fluctuations, the result 
provides a discrete approximation to "spectral shape" [Komi and Viitasalo, 

1976] . 

All these ways of characterizing spectral skew suffer (a) from sensitivity 
to filter characteristics — for both the band-defining filter, whether 
physical or computational, and the inescapable filtering effect of the 
muscle-tissue-electrode system -- and (b) from artifact, chiefly the power- 
line frequency (and harmonics), which require further band-rejection filters 
to "notch them out". Better digital analysis and filtering schemes will 
improve these approaches. 

A further spectral technique is "dip analysis" [Lindstrdm and Magnusson, 

1977] . It employs the quasi-nulls mentioned above to estimate propagation 
velocity of the wave in the muscle fibers, which declines with fatigue. 

The main drawback of dip analysis is its requirement for optimal placement 
of electrodes and for very "clean", high-resolution spectra. It, too, 
will benefit from improved, analysis and filtering schemes. 

Time -Domain Analyses 

A time series such as the EMG signal may be searched for a concise set of 
descriptors in the time domain, the frequency domain, or both. Character- 
istics in each domain, of course, have counterparts in the other; so choice 
of domain depends on computational convenience, utility of the descriptors, 
and the user's preference. Time-domain descriptors, common in ECG and EEG 
interpretation, were more common a decade ago than now --owing, in part. 
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to the convenience of producing the FFT with computers specialized toward 
integral transforms. (The autocorrelation, a time-domain function, is now 
usually computed by a discrete Fourier transform followed by an inverse 
transformation.) In the writer's view, a combination of descrijDtors from 
both domains may well yield the optimal state vector to characterize 
muscle condition. 

Several time-domain approaches have been used on EMGs, Individual MUAPTs, 
picked up by intramuscular electrodes, have been analyzed on-line for rise 
time, peak amplitude, and amplitude/rise time ratio; an averaged MU poten- 
tial (AMUP)has usually been so treated [Komi and Viitasalo, 1976; Viitasalo 
and Komi, 1977, 1978]. On interference patterns peak height distribution, 
peak count, and "turn count" (slope reversals per unit time) have been used, 
notably in ergonomic studies [Johnson, 1978] and diagnosis [Fusfeld, 1978], 
Zero-crossings per unit time, preferably computed on a drastically ampli- 
fied and clipped EHG signal, have had adherents [Hjorth, T970, 1973; 
Saltzberg and Burch, 1971]. Zero-crossing rate has also been used as a 
quality-control check on signals which were subjected to spectral analysis 
[Kadefors et aj_. , 1978]. 

These time-domain descriptors tend to suffer from sensitivity to system 

noise (often artifactual) and distortion, particularly when they require 

local differentiation or equivalent operations. Descriptors derived 

through integration -- transforms and correlation or coherence functions-- 

0 

are more resistant to such error sources. Zero-crossing counts and in- 
tervals are moderately error-resistant among the non-integral descriptors. 

The time-domain methods for analyzing time-series data used by statistical 
analysts [Box and Jenkins, 1976] — autoregressive (AR), moving-average (MA) 
and ARMA techniques -- deserve consideration for EMG interpretation. These 
focus on the random fluctuations, stripping off systematic trends. They 
prove to be equivalent to certain new frequency-domain techniques which 
are discussed below [Childers, 1978]. 

Options for Exploration 

Several approaches hold promise for improved EMG analyses. It appears that 
most simple descriptors have received attention; but better computational 
capabilities, now available at affordable costs, justify further consider- 
ation of selected cases. 
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Such a case is spectral moments. The MPF, mentioned above, is the lowest 
moment of the power spectral density; and higher moments of course exist. 

A complete set of moments would fully characterize the spectrum "shape". 
(Symmetry makes alternate moments zero, and the lowest few may suffice.) 
This viewpoint has been applied to two moments by Kadefdrs et [1977, 
1978] to yield a "fatigue index". 

These workers related the index to wave velocity, providing a link to a 
dearly-defined physical variable and thus adding confidence as to the 
significance of these descriptors. The data were normalized, compensating 
out some errors. Adding to the attractiveness of velocity is its capabil- 
ity of being estimated by dip analysis [LindstrSm, 1977] and by an on-line 
method using digital filters [Lynn, 1979], so that alternate check 
methods are available. 

Enhanced spectrum estimation methods -- the maximum-entropy and maximum- 
likelihood methods (MEM, MLM) have recently been developed [Childers, 

19"78]. These are intimately related to AR and MA techniques, as developed 
in the reference cited (a compilation of recent papers presenting advances 
in spectrum-analytic techniques). They should yield improved spectra, pos- 
sibly ones in which the noise-prone higher moments are significant enough 
for use. The possibility that phase, available from some spectral esti- 
mates, carries useful information is unexplored. (Spectral power is 
phase-independent. ) 

The zero-crossing, or period-analytic, methods described by Hjorth [1970] 
and applied by him to EEGs, have been related to spectral moments [Hjorth, 
1973; Saltzberg and Burch, 1971]and give similar information by a different 
computational route. In the time domain they are quite simple to apply, 
on-line, and they promise both direct utility and the possibility of check- 
ing spectrally derived moments. 

Systemic and biomechanical indicators should usefully complement the de- 
scriptors derived from the EMG. Force variations — tremor and step changes 
— obviously correlate with fatigue. Indicators of autonomic nervous sys- 
tem activity — galvanic skin response (GSR) and heart rate (HR) — and 
possibly respiratory variables and even electroencephalographic activity 
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may indicate general stress. These are known to respond to fatigue, but 
often in nonlinear and nonrepresentative ways. They have the merit, though, 
of bringing in the psychological factors that are so hard to quantify. 

They should therefore be considered -- with care — as contributors toward 
a "muscular state vector". 

Finally, serendipitous spinoffs from work on myoelectric prosthesis con- 
trol [e. g., Hogan and Mann, 1980] may advance the goal of fatigue and 
force evaluation. There is a remote chance that "cepstral" techniques 
[Childers ^ aj_. , 1977] —which have been applied to EEG signals --may have 
some use; though these are usually associated with sound propagation, they 
may prove to have some capability of educing the periodicities in MUAPTs. 
They are largely untried. 


RECOMMENDATIONS 

As a result of extensive critical review in the fields of muscle physiology, 
related biotechnology, and applicable signal processing, the writer offers 
the following recommendations for extending the v/ork at the Crew Station 
Design Section [v. Lewis, 1979] toward a state vector which is both useful 
and feasible for evaluation. This direction should lead to the optimal 
index needed for spacecraft design — though optimality may be hard to prove* 

« The applicability of spectral moments toward a fatigue index 
should be further investigated, with appropriate computa- 
tion on existing data followed by further experiments. 

c The time-domain, period-analytic approach to moments 
should be compared with the frequency-domain estima- 
tion now permitted with the new MEM and MLM spectral 
estimation techniques. 

• Systemic indicators, especially GSR, HR, and force vari- 

ations, should be monitored in any further fatigue 
studies. 

• Recurring reassessments of the adequacy of currently 

accessible state vectors should be planned as new 
data continue to be gathered. 
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In 1981 the controversy surrounding chlorofluoromethanes (CFC's) and 
the reduction of stratospheric ozone continues. A potentially serious 
problem with CFC's was identified and received major public attention in 
1974, when Dr. F. Sherwood Rowland and Dr. Mario J. Molina at the University 
of California, Irvine presented their theory of ozone destruction by CFC 
gases (1) at a National American Chemical Society meeting. 

The compounds of main concern in the continuing ozone debate are 
fluorocarbon-11 (CFCl^) and fluorocarbon -12 (CF 2 CI 2 ). The problem with 
CFM's is that the compounds are extremely inert. When used as aerosol 
propellents or refrigerants-probably the best known are the DuPont Freons- 
the compounds escape to the lower atmosphere. Since the compounds are inert, 
they do not decompose in the lower aUnosphere but eventually find their way 
into the stratosphere. 

Ozone is formed in the stratosphere according to the following reactions: 



— » 0 + 0 

(1) 

"2- 

— S 

(2) 


According to the Rowland-Molina hypothesis, chlorine, in the stratosphere, may 
participate by means of a catalytic process in a cycle which will break down 
ozone, 0^, into diatomic oxygen, 02 * It has been proven by laboratory measure- 
ments that the CFC's absorb ultraviolet radiation (190-225 nm) and decompose to 
atomic chlorine and other products. Then according to the hypothesis the 
following I'cactions occur: 


Cl ^ O 3 - 

— » CIO + O 2 

(3) 

CIO + 0 — 

> Cl + O 2 

(4) 


0 + O3 2 0 


2 (net) 
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Several other reactions, involving species such as H0,H02» NO and NO 2 , may also 
contribute to ozone destruction. The question to be answered is whether 
chlorine atoms react in the stratosphere as they do in the laboratory. 

Early experiments centered around the measurement of ozone, CIO and . CBN' s 
in the stratosphere. Mathematical models of stratospheric ozone were developed 
and predicted reductions in the total ozone (amount in a unit vertical column) 
from CFC*s I'Oleased in the atmosphere. These reductions were first predicted 
to be several percent, building up over a few decades. Since much concern 
developed over whether human activity might seriously reduce the eiarth's 
protective la^'er of ozone, in 1979, fluorocarbon 11 and 12 aerosol products 
were banned from interstate commerce in the United States. 

In a new j'eport (2), released in late 1979, a panel of the National 
Acadeniy of Science warns that it foresees many thousand of additional cases of 
skin cancer, if the ozone layer, which filters the sun's ultraviolet rays, 
continues to be eroded by fluorocarbon. The forecasts for stratospheric ozone 
eventual losses have been revised upward to 18.5%. 

As a result of these new warnings, in October 1980, the Environmental 
Protection Agency announced that it was considering further measures to reduce 
the level of fluorocarbons released into the atmosphere (3). EPA's intention 
is to limit preduct ion of CFC's in the U.S. to 30% of their present levels. 

This preduction limit could seriously affect the refrigeration market. 

THE PROBLEM 

The National Academy of Sciences stressed the desirability of obtaining 
"a direct check on ozone reduction predicted for the CFM's" (4). This 
appears to be a difficult task because the total ozone varies, from apparently 
natural preccsses, by as much as 50% at mid-latitudes in a year's time. The 
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relationshlp of the earth's position to the sun causes a variation of the 
electromagnetic radiation reaching the earth's atmosphere, therefore causing 
a change in the amount of ozone formed. Secondly, during one year's time the 
amount of mixing of the air between the troposphere Osy®*" i^sxt to the earth) 
and the stratosphere varies. 

Results of modelling calculations have shown (4,5) that the greatest 
percentage reduction in ozone from CFM's occurs in the upper stratosphere 
from 35 to 45 km. The limited measurements of ozone in the upper stratosphere 
available indicate that the natural variations of ozone concentration are 
smaller at altitudes of 35 - 45 km. Direct in-situ measurement of ozone in 
the region of interest are thus necessary. Instrumentation, previously used 
with demonstrated accuracy, is available for collection of data to construct 
ozone concentration profiles. The ozone concentrations are being measured by 
U V absorption from balloon platform, satellites, rockets and ground-based 
instrumentation. 

During the past five years, analytical models of the stratosphere have 
shown a greater sensitivity of ozone photochemistry to the chlorine catalytic 
cycle. At the same time measurements have produced questions about the 
accuracy of the model predictions (6). The questions concern differences in 
measured and predicted concentrations of the more reactive chlorine species. 
There is reasonably good agreement for the more inert chlorine constituents. 
Values from Initial measurements of the HCl profile above about 30 km, the 
ratio of HCl to HF, and the ratio of CIO to ozone do not follow from current 
models. The sum of the chlorine concentrations measured (HCl, CF,'s and CIO) 
is higher than what is predicted by the models. These decrepancies are not 
trivial and suggest that something is missing from the chemistry used in 


IS 
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Present models. The models agree more or less closely with one another, of 
course, because they are all based on essentially the same reactions and rate 
constants. The predicted value for total chlorine concentration in the strato- 
sphere is approximately 3 parts per billion (ppb). 

Because of these conflicting views, it becomes apparent that more experi- 
mental measurements are needed. The recent NAS report (2) states that "a total 
chlorine concentration measurement would be of great value.” This recommenda- 
tion is further emphasized by the recent NASA report on the same subject. The 
NASA report lists total chlorine as one of "a few species for which new and 
improved techniques must be developed." (7) 

TOTAL CHLORINE MEASUREMENTS 

We, at NASA- Johnson Space Center, are developing analytical procedures for 
the collection of air in the stratosphere and for analysis of these air samples 
for trace levels of chlorine, irregardless of the state of chemical composition. 

Accurate measurement of trace levels of organics such as the CFM's and 
reactive inorganic species such as Cl, CIO and HCl in the stratosphere provide 
a complicated problem in analytical methodology. An even more complex task 
to accomplish is the determination of total stratospheric chlorine. The total 
chlorine mixing ratio is believed to approach a constant value around 25 to 30 km 
and remain constant above that. Hence NASA stratospheric chlorine experiments 
are concentrating their effort on the region above 25 km. 

In our experiment, whole air samples will be collected from a balloon 
platform in the stratosphere by using a cryopump that operates at liquid neon 
temperature (27°K). The whole air samples will be returned to ground where 
total chlorine content will be measured by neutron activation analysis (NAA). 
Flights will originate from the NCAR balloon facility located at Palestine, 



-5- 


URiCal>''iAL iS 

OF POOR QUALITY 

Texas. The NAA part of the experiments are conducted at the Texas A & M Nuclear 
Science Center in College Station, Texas, 

Most of the effort to date has concentrated on proving the experiment's 
feasibility by developing procedures to avoid contaminating the sample or 
losing the chlorine. In addition, absolute calibration of the system must be 
obtained. The experiment is an arduous undertaking because the mixing ratios 
of total chlorine in the stratosphere are expected to be about 3 ppbV. The 
atmospheric species consist of highly reactive forms, such as HCl, CIO, 

CIO, NOg, and Cl in addition to the chlorofluoromethanes. Furthermore, contami- 
nation of the air sample by the comparatively large concentrations of chlorine 
compounds at ground level must be avoided. In spite of these difficulties, 
significant progress has been made. 

In Figure 1 the general outline of laboratory measurements is shown. 
Experiments have been conducted at each step of the general plan of analysis 
in order to validate the precision and accuracy of the measurement and to 
determine any problems with the procedure. A calibration gas (an air sample 
containing .-v known concentration of contaminant, HCl or CFM) was necessary. 

A permeation instrument was obtained (Kin Tek Laboratories, Texas City, TX) 
to prepaix? viynamically blended, calibrated, low concentration gas mixtures 
(air or liquid nitrogen boil-off and HCl or CFM). "Zero" grade air is further 
purified by cooling the air to approximately 107°K in a mixture of isopentane 
and liquid No- Any residual chlorine contaminants is frozen out of the air 
before use as a diluent in preparation of the standard gas mixture. 

A cryogi'nic pumping system employing liquid neon is used to freeze the 
samples of air in the collection containers. This is done in order to obtain 
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a larger volume of air for sampling at one time. The selection of a suitable 
container for sample collection and storage is a real problem. Almost any 
surface, with which air sample comes in contact, such as residues on glass, 
metal or plastic collection apparatus, becomes a potential source of contami- 
nation. Thus careful cleaning procedures for all surfaces the air sample 

i 

contacts must be followed. We have found that glass surfaces cleaned with 
1%HF solution followed by evacuation at least overnight is sufficient. Metal 
surfaces ai'e cleaned by baking under vacuum for an appropriate period of time. 

Loss of trace concentrations of chlorine containing compounds on container 
surfaces Is by far the most serious experimental problem. Loss of Freon from 
quartz vessels was about 11%, while loss of ppb levels of HCl in stainless steel 
collection bottles was about 65%. Inexpensive collection methods employing 
pre-evacuated grab sample containers, condensation traps, adsorption tubes 
and/or plastic grab bags, commonly used for atmospheric gas analysis are not 
suitable because of sample loss during collection and storage. We have fabri- 
cated two collection bottles which are now ready to be evaluated. One bottle 
is stainless steel coated with a layer of gold and the other bottle is con- 
structed from tantalum, which should be inert enought that chemisorption will 
not occur to any large extent. 

Neuti'on activation analysis (NAA) was chosen as the method of Cl analysis. 
The two «vasons for this choice are, first, that radioactive measurements give 
elemental analysis results at lower limits of detection over any other analytical 
technique available today. NAA has a high degree of sensitivity for the majority 
of elements. Secondly, with NAA the number of Cl atoms present in a sample can 
be measui'ed without regard to the state of chemical combination of the Cl. 

Another advantage of NAA is that it is essentially a non-destructive method of 
analysis. Non-destructive analysis involves minimum sample manipulation and. 
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therefo»*e, a trace analysis sample is not contaminated by reagents and containers 
as in conventional destructive wet-chemical techniques. 

NAA involves bombarding the sample with neutrons (in a nuclear reactor) 
and measuring the radioactivity induced in the sample using gamma-ray spectro- 
metry. A method of calibration for the element of interest must be developed. 

The standard should preferably be internal to the sample taken for analysis or, 
if not, the standard should contain a known amount of the element of interest. 

It is important that the irradiation assembly must provide the same neutron 
flux for both sample and standard or appropriate correction factors must be 
determined. The main thrust of this surraner's work has been to obtain an ab- 
solute calibration of quartz rod flux monitors. The number of chlorine atoms 
in nine flux monitors were measured in comparison to a known Freon 12 standard. 
The results are shown in Table 1. When the data is combined the average 
number of chlorine atoms per mg of quartz is 2.156 +0.083 with a 3.8% error. 

One limitation of NAA is that like most analytical methods it suffers 
from possible matrix effects and interferences. Preliminary examination of 
NAA resiilts from irradiation of air samples containing chlorine indicated 
that the presence of argon gave rise to Compton Scattering which produced a 
large background in the region of the spectrum where the 1.6 and 2.2 MEV 
peaks of Cl occur. Because of this the Ar levels in the air must be reduced. 

The Ar concentration in the air sample is reduced by distillation. Each air 
sample (at liquid neon temperature) is warmed to liquid N 2 temperature. Most 
of the Argon in the air is thus removed while the chlorinated compounds remain. 
During this procedure, the pressure of the air sample taken is measured and 
the volume then calculated. 
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It would be ideal to irradiate the air sample in the collection bottle, 
but a material such as quartz which is penetrated easily by the neutrons 
must be used. Our air samples are transferred to quartz bottles cryogenically 
before irradiation (Figure 1). The quartz bottles must be sealed shut with a 
torch after the transfer. We have experimented with bottles having teflon 
stopcocks and quartz stopcocks. But these sample bottles could not withstand 
the irradiation conditions. The teflon stopcocks leaked and the quartz stop- 
cocks were frozen closed. 

37 

The isotope activated is Cl which has an abundance of 24.47% of 

37 

naturally occurring chlorine. Irradiating Cl with thermal neutrons produces 

the reaction Cl^^ + N — ^ (Cl^®)* 

38 38 

The resulting compound nucleus (Cl )* decays to Ar with a 38.2 minute 
half-life emitting a beta particle and either one or two gamma rays (2167.5 or 
1642.4 keV). 

After the irradiated sample cools sufficiently to be handled, unfortunately, 
another step must be added to our analytical procedure (Figure 1) before 
counting can occur. The quartz bottles have a large enough chl_orine content 
that the chlorine content of the sample cannot be measured while in the irradiated 
bottle. This i*equires a transfer of the air sample to a counting bottle. The 
counting bottle, which has a stopcock, is connected via a teflon tubing tee 
connection to the irradiated sample bottle. A scavenger gas, ethylene oxide, 
is connected to the third position in the tee. We found that it was necessary 
to use the ethylene oxide to react with and sweep the chemisorbed chlorine from 
the quartz bottle. The procedure is as follows: (1) the quartz bottle neck 
is sco»'ed and connected to the tee; (2) the neck is broken; (3) the radioactive 



chlorine gas Is transferred by cryopumping to the counting bottle; (4) the 
stopcock, to the counting bottle is closed; (5) the ethylene oxide is allowed 
to sweep through the quartz sample bottle; and (6) the resulting mixture is 
transferred cryogenically to the counting bottle. The radioactivity of each 
sample is measured and the number of chlorine atoms present can be calculated. 

The analytical procedures have been developed and tested to the point at 
which a calibrated HCl sample can be introduced into the flight container. 

We must await the results of those experiments to consider this procedure 
feasible for accurate measure of chlorine in stratospheric air samples. 
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FIGURE 1 

GINERAL PLAN OF ANALYSIS-LABORATORY MEASUREMENTS 


Calibrated Gas Sample Prepared 


Sample Collected in Tantalum Bottle 
(cryogenic pumping) 


Argon Interference Removed 


Sample Transferred Cryogenically 
to a Quartz Bottle 


Chlorine Detemined 
by Neutron Activation Analysis 

A. Irradiation 

B. erogenic Transfer for Counting 

C. Sample Counted 
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During the summer of 1980, working as a NASA-ASEE Sunmer Faculty Fellow, Dr. 
Raj M. tosfmaw of North Texas State University considered the problem of the 
pattern of current collection by a biased strip of stainless steel (S' x 30' 
1/32") placed in the plasma environment produced by a 30cm Kaufman ion 
thruster,* The experiments were performed in Chamber "A" at the Johnson 
Space Center. 

Two positions of collector relative to ion source were used; Edge-on 
(Figure 1) in which case currents were measured on both sides of the 
collector, and "Face-on" (Figure 2) in which case currents were again 
measured on both sides of the collector. In the latter case, the surface 
of the collector that faces the ion thruster is referred to as the "front" 
face, the other side as the "back" face. 

A qualitative summary of the experimental results is as follows; For edge-on 
operation, there was no significant difference in the current collected by 
the two faces. For "Face-on" operation, the current collected by the two 
faces was different. In particular, for the back face, a focusing effect 
was observed. 


1. 1880 Summer Faculty Fellow Report 

As the bias voltage on the collector was increased, current was collected 
more toward the center of the panel. (The bias voltage was negative to 
collect positive ions. "Increasing" bias voltage means more negative.) 
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Solving the actual three->dimensional problems, with space charge present, 

is difficult and has not been accomplished to date. However, by assuming an 

infinite strip, the problem is reduced to a two-dimensional one, while still 

being a reasonably faithful reproduction of the experimental problem. If, 

in addition, one ignores the presence of space charge as a first approxi- 

1.2 

mation, the solution is of a standard form; 



2a is the width of the plate (3 ft.) 


X is measured parallel to the face, from the center line of the collector 


Y is measured perpendicular to the face from the center line of the collector 


-Vo is the bias potential of the collector 
-1 

k = cosh 




P? + Ys^ 


Ys is the distance along the Y-axis measured from the from face to 
where = 0 


2. Kyrala, All; 1981 NASA-ASEE Summer Faculty Fellow Report 

This solution represents a series of equipotential surfaces of elliptical 

cross-section. The particular ellipse representing zero potential has semi- 

minor axis equal to Ys (the "sheath thickness"). The ellipse at potential 

Vo degenerates into a straight line segment of width 2a. Thus the distance 

between feci for all ellipses representing equipotential surfaces is also 

' 2 ^ 

2a. From the geometry of the ellipse, the semi-major axis, Xs = JA + Ys . 
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A first modification to this idealized solution Is to take Into account the 
presence of space charge with the "Langmulr-ChllJs" law. This law states 
that the saturation current collected from a space charge Is proportional 
to the 3/2 power of the potential of the collector. As a corollary to this 
law, the sheath thickness associated with the collector varies as the 3/4 
power of the collector potential. Thus a first modification made to the 
solution Is: 

- 4 = ■= cU. ' ^ ^ - 

The parameter 2a is 3 ft. (a = .457 meters) 


The sheath thickness, Ys®<(Vo) 3^. From visual observations of the plasma, 

the thickness of the sheath when Vo = 2500 volts, is approximately equal to 

the width of the plate. Thus, for any bias voltage on the collector, the 

I Vo 

sheath thickness is Ys = 2a \2500j 3^, with. Vo measured in volts. Then, 


tbe£seroi‘-ma.iorCax.issGf^; rne;.el 1 i pse at potential 0 is Xs = 


Finally, k = cosh 


■1 




(Ysi2 


+ Ys^. 


l+flT) . This defines the parameters needed and 
also identifies a starting point for ion trajectories — viz., the ellipse 
whose semi -mi nor axis is Ys, and whose semi -major axis is Xs. 


This modification by itself made no significant difference. 

A typical result using equation (2) is shown in Figure 3. Because ions left 
the thruster with an energy of 15-20eV, each ion was given an initial velocity 
of 10,000 ^'^Sec toward the collector since this velocity corresponds to about 


20eV for Argon. 
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Virtually every ion that strikes the back face goes through one of two points 
located at C+ -45a, -,19a). All trials at various bias potentials of the 
collector showed the same behavior, i.e., all ions striking the back surface 

it 

go through one of two points. Furthermore, the two points did not appreciably 
vary in location with different bias potentials of the collector. 

This suggests that after a very short time after the ion flow pattern is 
being established, succeeding ions will encounter a repulsive force — the 
equivalent of positive charges located at the two points, (+_ ,45a, -,19a). 
However, since this represents a cross-section through an assumed infinitely 
long collector, this effect should be simulated by line charges parallel to 
the collector rather than by point charges. The field due to a line charge 
varies as 1/r. By trial and error, the most reasonable strength to choose 
for a collector potential of 2500 volts turned out to be r in M.K.S. units. 
For other potentials, the strength was chosen to be (50/p*) (^^/Z500). This 
was the second modification made to the idealized solution. 


A third modification is arrived at by considering the expected difference 
between the sheath on the front face and that on the back face. The idealized 
solution gives complete symmetry. However, it is more reasonable to suppose 
that the sheath is considerably larger on the back side. Once the ions have 
gotten past the collector, they encounter different ambient conditions. The 
simplest way to simulate this effect, without introducing continuity problems 
at the boundary between two different sheath edges, is to assume that there 
is a grounded semi -infinite plate that continues from the sheath edge where 
it crosses the plane of the collector (Figure 4). Specifically, this modifi- 
cation was accomplished by standard imaging techniques. 
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A fourth modification is arrived at by considering that those ions which have 
gotten past the collector will have their Initial speeds decreased. The 
greater the distance behind the collector from which ions are collected, 
the smaller their initial speed will be. Therefore, the Initial velocity of 
the ions was gradually decreased until it was zero at the point directly 
below the edge of the collector (Figure 5). 

Finally, a few ions were assumed to come from the region in the "shadow" of 
the collector (Figure 5). 

The results of all these modifications is shown in. Figures 6, 7, and 8. 

Figure 6 (500 volts) shows that current is "focused" at a point 8% of the 
plate width from the edge. Figure 7 (1500 volts) shows that current is 
"focused" at a point 15% of the plate width from the edge. And finally. 
Figure 8 (2500 volts) shows that current is "focused" at a point 26% from 
the edge. 

Thus, qualitatively, the experimental fact of current focusing as well as 
the variation of position of focusing with bias potential may be simulated 
by starting with an idealized solution for an infinite strip, and making 
the modifications listed above. 

It seems clear that the focusing phenomena is due to ions that skirt past the 
collector and get drawn back in to the back side of the plate. 

A copy of the program used on the HP 9830 is attached to the end of this 
report. 
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